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ABSTRACT 
 Block copolymers spontaneously self-assembly into a wide variety of ordered 
nanostructures on the length scale of 5 - 100 nm due to the thermodynamic immiscibility 
between the covalently linked, chemically distinct polymer chains.  Incorporating 
desirable functional groups into block copolymer systems can lead to confinement of the 
functional group to a specific domain upon microphase separation of the block 
copolymer.  The resulting materials display desirable characteristics of the functional 
group in a well-ordered nanostructure.  Such systems have been utilized in a wide variety 
of applications including catalysis, ceramic materials, and membranes.  This dissertation 
is focused on the synthesis, characterization, self-assembly and materials processing of 
various functionalized block copolymer systems.  An assortment of monomers 
functionalized with specific groups were prepared and polymerized by a variety of 
polymerization techniques including atom transfer radical polymerization, reversible 
addition-fragmentation chain transfer polymerization, and ring-opening metathesis 
polymerization.  Self-assembly of the functionalized block copolymers led to well-
defined nanostructures in bulk and thin films.  Depending upon the functional group 
incorporated, the ordered materials were utilized in various applications including 








TABLE OF CONTENTS 
DEDICATION ....................................................................................................................... iii 
ACKNOWLEDGEMENTS ........................................................................................................ iv 
ABSTRACT ............................................................................................................................v 
LIST OF TABLES ....................................................................................................................x 
LIST OF FIGURES ................................................................................................................. xi 
CHAPTER 1: INTRODUCTION ..................................................................................................1 
 1.1 BACKGROUND .......................................................................................................1 
 1.2 DISSERTATION OUTLINE ........................................................................................3 
 1.3 REFERENCES ..........................................................................................................5 
 
CHAPTER 2: REVIEW: SIDE-CHAIN METALLOCENE-CONTAINING POLYMERS BY 
LIVING AND CONTROLLED POLYMERIZATIONS .....................................................................7 
 
 2.1 ABSTRACT .............................................................................................................8 
 2.2 INTRODUCTION ......................................................................................................8 
 2.3 SIDE-CHAIN FERROCENE-CONTAINING POLYMERS .............................................12 
 2.4 SIDE-CHAIN COBALTOCENIUM-CONTAINING POLYMERS ....................................29 
 2.5 SUMMARY AND OUTLOOK ...................................................................................35 
 2.6 ACKNOWLEDGEMENTS ........................................................................................37 




CHAPTER 3: SIDE-CHAIN FERROCENE-CONTAINING (METH)ACRYLATE POLYMERS: 
SYNTHESIS AND PROPERTIES ..............................................................................................44 
 
 3.1 ABSTRACT ...........................................................................................................45 
 3.2 INTRODUCTION ....................................................................................................45 
 3.3 RESULTS AND DISCUSSION ..................................................................................48 
 3.4 EXPERIMENTAL ...................................................................................................64 
 3.5 CONCLUSIONS .....................................................................................................72 
 3.6 ACKNOWLEDGMENT ............................................................................................73 
 3.7 REFERENCES ........................................................................................................73 
CHAPTER 4: SELF-ASSEMBLY OF WELL-DEFINED FERROCENE TRIBLOCK COPOLYMERS 
AND THEIR TEMPLATE SYNTHESIS OF ORDERED IRON OXIDE NANOPARTICLES ..................76 
 
 4.1 ABSTRACT ...........................................................................................................77 
 4.2 INTRODUCTION ....................................................................................................77 
 4.3 RESULTS AND DISCUSSION ..................................................................................80 
 4.4 EXPERIMENTAL ...................................................................................................84 
 4.5 CONCLUSIONS .....................................................................................................90 
 4.6 ACKNOWLEDGEMENTS ........................................................................................91 
 4.7 REFERENCES ........................................................................................................91 
 
CHAPTER 5: OLIGOANILINE-CONTAINING SUPRAMOLECULAR BLOCK 
COPOLYMER NANODIELECTRIC MATERIALS .......................................................................94 
 
 5.1 ABSTRACT ...........................................................................................................95 
 5.2 INTRODUCTION ....................................................................................................95 
 5.3 RESULTS AND DISCUSSION ..................................................................................99 
 5.4 EXPERIMENTAL .................................................................................................108 
  
viii 
 5.5 CONCLUSIONS ...................................................................................................116 
 5.6 ACKNOWLEDGMENTS ........................................................................................116 
 5.7 REFERENCES ......................................................................................................117 
 
CHAPTER 6: CONVERTING AN ELECTRICAL INSULATOR INTO A DIELECTRIC 
CAPACITOR: END-CAPPING POLYSTYRENE WITH OLIGOANILINE ......................................120 
 
 6.1 ABSTRACT .........................................................................................................121 
 6.2 INTRODUCTION ..................................................................................................121 
 6.3 EXPERIMENTAL .................................................................................................125 
 6.4 RESULTS AND DISCUSSION ................................................................................130 
 6.5 CONCLUSIONS ...................................................................................................143 
 6.6 ACKNOWLEDGMENT ..........................................................................................143 
 6.7 REFERENCES ......................................................................................................143 
 
CHAPTER 7: LINEAR DIBLOCK COPOLYMER PEO-B-PS WITH A PHOTOCLEAVABLE LINKER: 
APPROACHING THE LOWER SIZE LIMIT OF ORDERED NANOPORES ...................................147 
 
 7.1 ABSTRACT .........................................................................................................147 
 7.2 INTRODUCTION ..................................................................................................147 
 7.3 EXPERIMENTAL .................................................................................................150 
 7.4 RESULTS AND DISCUSSION ................................................................................153 
 7.5 CONCLUSIONS ...................................................................................................163 
 7.6 ACKNOWLEDGMENTS ........................................................................................163 





CHAPTER 8: HIGH QUALITY FILMS WITH SUB-10 NM FEATURE SIZES UTILIZING GRAFTED 
BLOCK COPOLYMERS ........................................................................................................165 
 
 8.1 ABSTRACT .........................................................................................................165 
 8.2 INTRODUCTION ..................................................................................................165 
 8.3 EXPERIMENTAL .................................................................................................168 
 8.4 RESULTS AND DISCUSSION ................................................................................172 
 8.5 CONCLUSIONS ...................................................................................................182 
 8.6 ACKNOWLEDGMENTS ........................................................................................182 
 8.7 REFERENCES ......................................................................................................182 
 
CHAPTER 9: CONCLUSIONS ...............................................................................................184 
 
 9.1 DISSERTATION SUMMARY .................................................................................184 
 9.2 FUTURE WORK ..................................................................................................185 
 9.3 REFERENCES ......................................................................................................188 
  









LIST OF TABLES 
Table 3.1. ATRP of ferrocene-containing monomers .......................................................55 
Table 3.2. Electrochemical properties of side-chain ferrocene-containing monomers and 
polymers .............................................................................................................................64 
 
Table 4.1.  Characterization for triblock copolymers 3a-3c .............................................88 
Table 4.2. XRD comparison (peak positions in degree) between our iron oxide 
nanoparticles and reported α-Fe2O3 ...................................................................................90 
 
Table 5.1.  Characterization of polymers 1-4 ..................................................................102 
Table 6.1.  Preparation of bromide and azide end-functionalized polymers ...................133 
Table 6.2.  Preparation of oxidized and doped oligoaniline-ended PS ...........................135 
Table 7.1.  Compositions of polymers 5a-g ....................................................................158 








LIST OF FIGURES 
Figure 1.1. Various architectures of diblock and triblock copolymers ...............................2 
Figure 2.1. Four different classes of metallocene-containing polymers .............................9 
Figure 2.2. Structure and electrochemical properties of a gold nanoparticle coated with 
two layers of side-chain ferrocene-norbornene polymers ..................................................19 
 
Figure 2.3.  Various ferrocene- and cylopentadienyliron arene complex-containing 
norbornene monomers .......................................................................................................21 
 
Figure 2.4. Structure and CV of diblock copolymers (a) PMAEFc-b-PMMA  
and (b) PMMA-b-PMAEFc grafted from ITO ..................................................................27 
 
Figure 2.5. TEM micrographs of PtBA-b-PAECoPF6 self-assembled micelles in the 
mixture of (a) acetone/water and (b) acetone/chloroform .................................................33 
 
Figure 3.1.  
1
H NMR (CDCl3) of FMA (a), AEFC (b), MAEFC (c), ABFC (d), AOFC 
(e), and FTA (f). .................................................................................................................51 
 
Figure 3.2.  Semilogarithmic kinetic plots of polymerization of FMA, AEFC, ABFC, 
AOFC, and MAEFC monomers by ATRP ........................................................................53 
 
Figure 3.3.  A representative plot of molecular weight (Mn, GPC) and monomer 
conversion (
1
H NMR): ATRP of AOFC ............................................................................53 
 
Figure 3.4.  
1
H NMR (CDCl3) of PFMA (a), PAEFC (b), PMAEFC (c), PABFC (d), and 
PAOFC (e) prepared by ATRP ..........................................................................................57 
 
Figure 3.5.  DSC traces of PFMA, PAEFC, PABFC, PAOFC and PMAEFC 
homopolymers polymerized by ATRP ..............................................................................59 
 
Figure 3.6.  TGA curves of side-chain ferrocene-containing polymers: PFMA, PAEFC, 
PABFC, PAOFC and PMAEFC at a heating rate of 10 
o
C/min from 40 
o




Figure 3.7.  Cyclic voltammograms of FMA, AEFC, ABFC, AOFC and MAEFC 
monomers and their corresponding homopolymers ...........................................................62 
 
Figure 3.8. Correlation curves of acrylate monomers and polymers: half wave redox 
potential vs. the length of linkers .......................................................................................64 
  
xii 
Figure 4.1.  Synthesis of triblock copolymer PEO-b-PMAEFc-b-PS by ATRP and GPC 
overlay of PEO (1), PEO-b-PMAEFc (2), and PEO-b-PMAEFc-b-PS (3). ......................81 
 
Figure 4.2.  (A,B) AFM height images of the triblock copolymer PEO-b-PMAEFc-b-PS 
(3b) film after annealing; and (C, D) AFM height images of iron oxide nanoparticles 
obtained after UV/O and pyrolysis of triblock copolymer PEO-b-PMAEFc-b-PS. ..........82 
 
Figure 4.3.  (A) XPS and (B) XRD spectra of iron oxide nanoparticles obtained after 
UV/O and pyrolysis of triblock copolymer PEO-b-PMAEFc-b-PS (3b). .........................84 
 
Figure 4.4.  
1
H NMR spectra for diblock copolymer PEO-b-PMAEFc-Br and triblock 
copolymer PEO-b-PMAEFc-b-PS .....................................................................................87 
 
Figure 4.5.  AFM phase image (height) of triblock copolymer 3a ...................................88 
Figure 4.6. AFM phase image (height) of triblock copolymer 3c. ...................................89 
Figure 4.7.  XPS spectrum of iron oxide nanoparticles after UV/O and pyrolysis of 
triblock copolymer PEO-b-PMAEFc-b-PS (3b). ...............................................................89 
 
Figure 5.1. (A) and (B)  
1
H NMR spectra of homopolymer PAMPSA (1) in D2O and 
diblock copolymer PAMPSA-b-PMA (2) in DMSO-d6; and (C)  GPC traces of polymers 
1-4. ...................................................................................................................................101 
 
Figure 5.2.  UV/Vis spectra of OANI-OH oxidized by: (A) (NH4)2S2O8 in 1 M HCl; (B) 
(NH4)2S2O8 in AMPSA; and (C) (NH4)2S2O8 in block copolymer..................................103 
 
Figure 5.3. Relative permittivity versus frequency for (A) undoped PAMPSA-b-PMA 
block copolymers and (B) OANI-doped PAMPSA-b-PMA block copolymers after the 
removal of salts ................................................................................................................105 
 
Figure 5.4. Loss tangent (dielectric loss) versus frequency for (A) undoped PAMPSA-b-
PMA block copolymers and (B) OANI-doped PAMPSA-b-PMA block copolymers after 
the removal of salts ..........................................................................................................106 
 
Figure 5.5.  DSC overlay of polymers 1-4 ......................................................................113 
Figure 5.6.  TGA overlay of polymers 2-4 .....................................................................113 
Figure 5.7.  
1
H NMR spectrum of OANI-OH in DMSO-d6. ..........................................114 
Figure 5.8.  
13
C NMR spectrum of OANI-OH in DMSO-d6 ..........................................114 
 
Figure 5.9.  UV/Vis spectra of OANI-containing block copolymers: (A) before washing 




Figure 5.10. (A) Relative permittivity versus frequency; and (B) Loss tangent (dielectric 
loss) versus frequency for OANI-doped PAMPSA-b-PMA block copolymers without 
washing away ammonium persulfate salts .......................................................................115 
 
Figure 5.11. Specific conductivity versus frequency for (A) undoped PAMPSA-b-PMA 
block copolymers and (B) OANI-doped PAMPSA-b-PMA block copolymers after 
washing away ammonium persulfate salts .......................................................................116 
 
Figure 6.1.  
1
H NMR spectra of hydroxy-terminated (1) and alkyne-terminated (2) 
oligoaniline ......................................................................................................................132 
 
Figure 6.2.  FTIR overlay for oligoaniline-alkyne (OANI-alkyne, 2), bromide- (3b), 
azide- (4b), and oligoaniline- (5b) end functionalized polystyrene ................................134 
 
Figure 6.3.  UV/Vis spectra for polymers 5b-8b ............................................................136 
Figure 6.4.  Relative permittivity versus frequency for polymers (A) 3a-8a and (B) 3b-
8b .....................................................................................................................................137 
 
Figure 6.5.  Loss tangent (dielectric loss) versus frequency for (A) polymers 3a-8a and 
(B) polymers 3b-8b..........................................................................................................138 
 
Figure 6.6.  Conductivity versus frequency for (A) polymers 3a-8a and (B) polymers 3b-
8b. ....................................................................................................................................139 
 
Figure 6.7.  Dielectric polarization versus applied electric field for PS and OANI-capped 
PS doped with (A) HCl, (B) DBSA, and (C) CSA.  All measurements carried out with 
100 Hz cycle frequency ...................................................................................................140 
 








 measured at the same 
frequency and field strength) as a function of OANI weight percent. .............................141 
 
Figure 6.9.  SAXS plots of polymers (A) 6a-8a and (B) 6b-8b .....................................143 
Figure 7.1.  
1
H NMR (A) and FT-IR (B) of polymers 1b-4b .........................................156 
Figure 7.2.  AFM phase images of microphase separated films after high humidity (90% 
RH) solvent annealing of polymers 5a (A), 5b (B), and 5d (C).  AFM image of 
microphase separated film after low humidity (50% RH) of polymer 5d (D) .................159 
 
Figure 7.3.  UV-Vis spectra of the photocleavable of polymer 5a as a function of 
exposure time ...................................................................................................................161 
 




Figure 7.5.  AFM of nanoporous films resulting from polymer 5a (A) and 5d (B).  Top-
down (C) and cross-sectional (45
o
, D, E) images of nanoporous films from polymer 5a 
(C, D) and 5d (E). ............................................................................................................162 
 
Figure 8.1.  
1
H NMR spectra for compound 2 and polymers 3a, 6a, and 7a..................175 
Figure 8.2.  
1
H NMR spectra for polymer 5a..................................................................175 
Figure 8.3.  FTIR spectra for polymers 3a-6a ................................................................176 
Figure 8.4.  GPC traces for polymers 4a-7a20 .................................................................177 
Figure 8.5.  GPC traces for polymers 5b-7b20 ................................................................177 
Figure 8.6.  Optical microscopy images of low weight linear block copolymers without 
(A) and with (B) complexation with LiCl, and grafted block copolymer 7a20 ................179 
 
Figure 8.7.  AFM phase images of polymer 7a20 ............................................................180 
Figure 8.8.  AFM phase image of polymer 7b20 .............................................................181 
Figure 9.1.  Various block copolymer systems ...............................................................187 
Figure A.1.  Copyright release for Chapter 2 ..................................................................189 
Figure A.2.  Copyright release for Chapter 3 ..................................................................190 
Figure A.3.  Copyright release for Chapter 4 ..................................................................191 
Figure A.4.  Copyright release for Chapter 5 ..................................................................192 













Block copolymers are a class of intriguing soft materials comprised of at least two 
covalently linked polymer chains.
1
 Thermodynamic immiscibility between these 
chemically distinct blocks leads to a variety of ordered nanostructures with periodicity at 
the scale of 10 - 100 nm.
2
  Such length scales enable block copolymers for use in many 
potential applications including templates for lithography, microelectronic devices, 
membranes, data storage systems, photonic crystals, etc.
3-12
  The simplest coil-coil 
diblock copolymers typically self-assemble into body-centered cubic spheres, 
hexagonally packed cylinders, gyroid structures and lamellae, as seen in Figure 1.1.
13-15
  
Microphase-separated structures of block copolymers are dictated by three experimental 
parameters including the degree of polymerization (N), the volume fraction of the blocks 
(f), and the Flory–Huggins interaction parameter ().16-19  The chemical nature of the 
blocks determines , which essentially describes segment-segment interactions.  
Other than AB diblock copolymers which have been well developed for more 
than three decades, there are many other strategies for developing novel block copolymer 
systems.  Linear ABC triblock copolymers have received significant attention because of 
the existence of the wide range of potential morphologies such as periodic arrays of 
core/shell spheres and cylinders, tetragonal lattices of cylinders, and novel bi-continuous 
2 
and tri-continuous ordered mesophases, as seen in Figure 1.1.
20, 21
  As opposed to one 
binary interaction parameter, one volume fraction and a single block sequence for AB 
diblock copolymers,  the greater diversity in morphology afforded by ABC triblock 
copolymers is due to their three binary interaction parameters, two independent volume 
fractions and three different block sequences.
22-27
  Blends of diblock copolymers such as 
A-B/B-C and A-B/C-D have also been explored in searching for novel architectures.
28, 29
  
However, these systems are somewhat limited due to the occurrence of macrophase 
separation. In a related approach, supramolecular interactions have been employed in A-
B/B’-C type block copolymer blends to improve compatibility and limit macrophase 
separation, as the B/B’ interaction (typically hydrogen bonding) allows the B and B’ 
block to form a homogenous domain, which in turn allows for microphase separation to 








In the past 20 years, various controlled radical polymerization techniques, mainly 
atom transfer radical polymerization (ATRP),
34-40
 reversible addition-fragmentation chain 
transfer polymerization (RAFT),
41, 42
 and nitroxide-mediated polymerization (NMP),
43, 44
 
have been utilized to prepare well-defined polymers with predetermined molecular 
weight, narrow molecular weight distribution, controlled functionalities and architectures.  
In parallel, non-radical based living/controlled polymerization techniques such as ring-
opening metathesis polymerization (ROMP) have also drawn significant attention in 
developing multifunctional polymers with precisely controlled structures.
45
  As each of 
these polymerization techniques preserves the polymer end-group, block copolymers can 
be easily prepared by chain extension with a second monomer, as shown in Scheme 1.1.  
Separately, the polymer end-groups can be modified to react with a second end-
functionalized polymer chain, which also serves as an effective way to prepare block 
copolymers.  While the chain extension route is often preferred due to simplicity, 
polymer coupling can be utilized when chain extension is not possible due to the inability 
for a particular polymerization method to polymerize a specific monomer. 
Scheme 1.1.  Preparation of block copolymers by chain extension (Route 1) and polymer 
coupling (Route 2). 
 
1.2 DISSERTATION OUTLINE 
The goal of this thesis is to discover novel functional block copolymers for 
applications in advanced materials, energy storage, and lithography.  Various desired 
4 
functional groups have been incorporated into the side-chain, end-chain, and/or linker 
between polymer chains to confine the functional group either within a specific domain 
or at the junction between domains within a microphase separated polymer film. 
Chapters 2-4 involve incorporation of metallocene moieties into the side-chain of 
block copolymers.  Specifically, the second chapter is a review on the synthesis and 
applications of side-chain metallocene-containing polymers prepared by living and 
controlled polymerization techniques.  This review discusses the synthetic challenges that 
the metallopolymer field has struggled over the years, and details the synthetic techniques 
that have led to the successful incorporation of metallocene units into polymeric 
structures.  The third chapter covers the preparation, polymerization, and properties of 
several ferrocene-containing (meth)acrylate monomers.  The fourth chapter details the 
preparation and self-assembly of ferrocene-containing triblock copolymers, and their use 
in the templated synthesis of ordered iron oxide nanoparticles. 
In Chapters 5-6, conjugated oligoaniline moieties were incorporated into block 
copolymer systems for use as all-organic nanodielectric materials.  Specifically, the fifth 
chapter summarizes the incorporation of oligoaniline moieties onto the side-chain of 
diblock copolymers in which one block is electrically insulating, while the oligoaniline-
containing block is electrically conductive.  The synthesis, self-assembly, and dielectric 
properties were studied.  The sixth chapter details incorporating oligoaniline units at the 
end-chains of electrically insulating polystyrene.  The oligoaniline domains form 
conductive nanodomains upon microphase separation, which results in enhanced 
dielectric properties. 
5 
In Chapters 7-8, block copolymer systems are developed to produce highly dense 
nanoporous films for use as templates in nanolithography.  In the seventh chapter, a 
photocleavable linker is placed within the two blocks of poly(ethylene oxide)-block-
polystyrene (PEO-b-PS).  Nanoporous films are obtained after microphase separation, 
photoexposure, and removal of PEO.  A lower molecular weight for the linear diblock 
copolymer PEO-b-PS is realized, as macroscopic dewetting occurs below a molecular 
weight threshold.  In the eighth chapter, a grafted block copolymer system is developed 
to target low feature sizes that prove impossible for the linear diblock copolymer PEO-b-
PS system. 
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2.1 ABSTRACT 
This review summarizes recent work on side-chain metallocene-containing 
polymers prepared by controlled and living polymerizations, which include living anionic 
polymerization (LAP), ring-opening metathesis polymerization (ROMP) and controlled 
radical polymerization (CRP) such as atom transfer radical polymerization (ATRP), 
reversible addition fragmentation chain transfer polymerization (RAFT), and nitroxide-
mediated polymerization (NMP). The majority of efforts in the field are focused on side-
chain ferrocene-containing polymers, while cobaltocenium-containing polymers have 
recently started to draw attention. Future direction on the development of other 
metallocene-containing polymers is discussed. 
2.2 INTRODUCTION 
 Over the past sixty years, metallopolymers have been developed to combine the 
synthetic efficiency and versatility of an organic polymer framework with the unique 
redox, responsive, and catalytic properties of inorganic metals.
1-18 
Among a variety of 
metallopolymers, metallocene-containing polymers attract significant attention in 
materials science due to their high thermal stability, fully reversible redox chemistry and 
many other fascinating properties that arise from their unique sandwich-like structures.
19-
25
  Following the discovery of ferrocene in 1950s, metallocene-functionalized 
macromolecules including oligomers, polymers and dendrimers have found uses in 
applications such as catalysts, redox sensors, magnetic materials, ceramic materials, 
nanolithography, and biomedical systems.
26-30
 These metallocene-containing 
macromolecules serve to bridge together several fields of chemistry including inorganic, 
organic, polymer or dendrimer chemistry and materials science. 
9 
 Generally, there are two major classes of metallocene-containing polymers: main-
chain polymers with the metallocene as an integral part of polymer backbone (Figure 
2.1A) and side-chain metallocene-containing polymers in which the entire metallocene 
moiety is a pendant group (Figure 2.1B).  Other much less developed metallocene-
containing polymers include: embedded side-chain polymers in which the polymer 
backbone crosses the same  cyclopentadiene ring in one metallocene unit (Figure 2.1C) 
and unbridged metallocene-containing polymers in which the polymer backbone directly 
connects the metal center (Figure 2.1D).  
 
Figure 2.1.  Four different classes of metallocene-containing polymers. 
 
 Early efforts involved the preparation of side-chain ferrocene-containing 
polymers, such as poly(vinylferrocene), due to facile electrophilic substitution of 
ferrocene.
31-33
  There were also studies of ferrocene-containing acrylate and methacrylate 
monomers that were polymerized by conventional techniques such as free radical, 
cationic, and anionic polymerization.
34-36
  However, these techniques generally produced 
low molecular weight polymers (< 10,000 g/mol) that lack the control of molecular 
weight and molecular weight distribution. The synthetic challenges have halted more 
interest in studying these side-chain metallocene-containing polymers as prepared by 
conventional polymerization techniques. 
10 
 During the late 1970s and 1980s there was much work on how 
poly(vinylferrocene) was prepared by both electrochemical polymerization and plasma 
polymerization techniques.
37-43
  Films of the redox-active polymers were formed onto 
electrode surfaces when these polymers precipitated during the polymerization. The 
degree of polymerization and the film thickness was relative to the length of time that the 
current was applied, as the chain growth continued at the outer surface of the polymer 
film.  These modified electrodes served as model systems in understanding electron 
propagation (charge transport) in redox active polymer films.
44, 45
 
 In the early 1990s, seminal work on strained, ring-tilted metallocenophanes 
reported by Manners and coworkers opened a new era in the field of ferrocene-containing 
polymers, that is, to develop well-defined high molecular weight main-chain ferrocene-
containing polymers by anionic ring-opening polymerization.
46
  A wide array of elements 
have been used to link the two cyclopentadienyl (Cp) rings of ferrocene including 
elements from Groups 4, 10, and 13-16.  This allows for incorporation of additional 
desired functionalities in the polymer main chain.  Ferrocenylsilanes, in which a silicon 
atom is used to bridge the two Cp rings, have been the most widely studied system.  A 
variety of block copolymers have been prepared in which the additional blocks contain 
various repeat units including styrene, isoprene, (meth)acrylates, and different substituted 
ferrocenophanes. For example, Scheme 2.1 details the synthetic route of triblock 
copolymer polyisoprene-block-polystyrene-block-polyferrocenylsilane (PI-b-PS-b-PFS) 
prepared by anionic ring-opening polymerization.
47
 This field has flourished over the last 
two decades as a variety of main-chain ferrocene-containing polymers and block 
polymers have been developed.
26-30, 48, 49
 These ferrocene-containing polymers have been 
11 
used in a wide range of applications including magnetic ceramics, variable refractive 
index sensors, nonlinear optical materials, and plasma etch resistant materials. 
Scheme 2.1  Synthesis of triblock copolymer PI-b-PS-b-PFS prepared by anionic ring-
opening polymerization (PI represents three different isoprene units in the main chain).  
 
Although the last two decades have witnessed rapid development of main-chain 
ferrocene-containing polymers, the side-chain ferrocene-containing polymers have only 
gained attention until recently. Well-defined side-chain metallocene-containing polymers 
and block copolymers have been synthesized by living anionic polymerization (LAP)
50, 51
 
and ring-opening metathesis polymerization (ROMP),
52
 as well as by controlled/living 
radical polymerization (CRP) techniques
53-55
 including atom transfer radical 
polymerization (ATRP),
56-58
 reversible addition-fragmentation chain transfer 
polymerization (RAFT),
55
 and nitroxide-mediated polymerization (NMP).
59, 60
 This mini-
review aims to give an overview of side-chain metallocene-containing polymers prepared 
by various living and controlled polymerization techniques and some of their properties.  
This article does not aim to be exhaustive as only recent or well-representative examples 
have been chosen to illustrate individual synthetic routes or properties.  Reviews on 
main-chain metallocene-containing polymers and extensive earlier reviews on side-chain 
metallocene-containing systems can be found elsewhere.
61, 62
  Metallopolymers 
containing ligated metals in the side chain have also been developed and have been 
reviewed elsewhere.
63
  This review will be limited to the classic metallocene structure, 
12 
that is, a metal atom sandwiched between two cyclopentadiene rings.  There is an 
abundance of work in which metal clusters, especially organometallic metal carbonyl 
compounds, are present as pendant groups; however, these pendant groups are beyond the 
scope of this mini-review. 
2.3 SIDE-CHAIN FERROCENE-CONTAINING POLYMERS 
2.3.1  FREE RADICAL POLYMERIZATION 
 Early work on side-chain ferrocene-containing polymers was focused on the free 
radical polymerization (FRP) of vinylferrocene (VFc).
64, 65
 Initial attempts at 
polymerizing VFc by FRP led to low molecular weight polymers under long reaction 
time.  Rate law and mechanistic studies
66, 67
 showed that the first-order chain termination 









 expected for vinyl 
monomers.  It was believed that the metal center adjacent to the active double bond can 
effectively quench the radical propagating step through internal electron transfer (Scheme 
2.2). By inserting an alkyl spacer between the ferrocene moiety and the polymerization 
site, Pittman et al. found that this electron transfer could be avoided.  Ferrocene-
containing monomers ferrocenylmethyl acrylate (FMA) and ferrocenylmethyl 
methacrylate (FMMA)  were developed and polymerized by FRP, leading to high 
molecular weight polymers (Scheme 2.3).
31, 32
  The internal electron transfer reaction 
occurred for VFc provides particularly important information in designing monomers not 




Scheme 2.2.  Internal electron transfer mechanism of vinylferrocene. 
 
 
Scheme 2.3.  Free radical polymerization of ferrocenylmethyl acrylate and 
ferrocenylmethyl methacrylate. 
 
2.3.2  LIVING ANIONIC POLYMERIZATION 
 Attention soon turned to living anionic polymerization (LAP), as it is well known 
to produce polymers with well-controlled molecular weights and a narrow molecular 
weight distribution.  Additionally, LAP could be used to produce well-defined block 
copolymers that can spontaneously self-assemble into an assortment of nanostructures 
upon microphase separation.
50, 51
  Nanostructures containing metallic domains were of 
high interest as these materials hold great promise for catalysis, nanotechnology, and 
nanosensing devices. 
 Pittman et al. first attempted anionic polymerization of FMA and FMMA 
monomers in the 1970s, but achieved limited success. High molecular weight 
homopolymers FMMA (>700,000 g/mol) were produced using LiAlH4-initiated anionic 
polymerization.
34




  However, the polymerizations were not well controlled as 
polydispersity indexes (PDI) mostly fell in the range of 2-3.  FMA and VFc were shown 
to be inactive towards anionic polymerization.
36 
 Rehahn et al. have recently made great improvements to the anionic 
polymerization of FMMA. Various polymerization conditions were tried, and as shown 
in Scheme 2.4, it was found that a true living polymerization system existed when 
FMMA was initiated by 1,1-diphenylhexyllithium (DPH-Li) in THF in the presence of 




  It was noted that high monomer purity was a strict requirement, as any 
impurities can lead to problems during polymerization.  Homopolymers with molecular 
weights ranging from 5,000 g/mol to 100,000 g/mol were produced with PDI between 
1.03-1.05. Diblock copolymer polystyrene-block-poly(ferrocenylmethyl methacrylate) 
(PS-b-PFMMA) was prepared by living anionic polymerization of styrene with the use of 
sec-butyllithium followed by end-capping with 1,1-diphenylethylene, and finally, by 
adding in FMMA, LiCl, and THF at -78 
o
C.  Clean molecular weight shifts with 
negligible remaining macroinitiator, along with low PDI, were observed by gel 
permeation chromatography. These experiments proved that the polymerizations were 
indeed well-controlled and living.  A series of block copolymers PS-b-PFMMA were 
prepared in which the molecular weight fraction of polystyrene was varied between 0.1 
and 0.43.  Surprisingly, thermal annealing produced poor microphase separation. Solvent 
annealing in a dichloromethane atmosphere at room temperature allowed for partial 
ordering.  Diblock copolymer poly((1,1’-dimethylsilyacylobutant)-block-
poly(ferrocenylmethyl methacrylate)) (PDMSB-b-PFMMA) was also prepared by 




  The silicon-containing fraction is interesting due to its potential to serve as a 
functional material; this is especially useful for the development of ceramics. High chain-
extension efficiencies, low PDI, and moderate molecular weights for the diblock 
copolymers were obtained.  
Scheme 2.4.  Synthesis of block copolymers PS-b-PFMMA by living anionic 
polymerization. 
 
 It was not until 1997 that Nuyken et al. reported that VFc could be polymerized 
by anionic polymerization.
70
  A thorough study was carried out in which the initiator, 
solvent, and reaction temperature were varied in order to find a suitable system for 
polymerization.  It was found that n- and sec-butyl lithium served as reasonable initiators 
in a THF solvent at -45 
o
C.  True living polymerizations were proved for low molecular 
weight polymers (3,000-5,000 g/mol), as the initiation was instantaneous; molecular 
weight was controlled by the [monomer]:[initiator] ratio; molecular weight increased 
linearly with conversion; polydispersity was low (< 1.1); and molecular weight increased 
upon sequential monomer addition.  Furthermore, well-controlled block copolymers with 
styrene, methyl methacrylate, and propylene sulfide were synthesized.  However, it was 
noted that the LAP of VFc was somewhat limited to low molecular weight polymers; the 
polymerization rate slowed at ~ 40% monomer conversion and completely stopped at 
around 75% monomer conversion when targeting molecular weights above 8,000 g/mol. 
16 
Upon supplying additional monomers to the reaction system, the polymerization 
instantaneously proceeded until the monomer conversion again reached high conversion. 
Polyvinylferrocene with low molecular weights (3,000-5,000 g/mol) had low PDI (< 1.1); 
however, when higher molecular weights were targeted (> 10, 000 g/mol), the PDI 
increased significantly (> 1.5).  Clearly, the control was problematic, as polymers and 
block copolymers containing VFc fraction were limited by low molecular weight of the 
organometallic fraction. 
Scheme 2.5.  Synthesis of PVFc, PVFc-b-PMMA, and PVFc-b-P2VP by living anionic 
polymerization. 
 
 A recent study by Rehahn et al. reported that the highly active propagating species 
at the initial stage became much less active as the polymerization proceeded, ultimately 
ending in a deactivated, “sleeping” state prior to quantitative conversion of VFc.
71
  To 
obtain higher molecular weight homopolymers, sequential addition of VFc can be carried 
out, allowing for additional chain growth while maintaining low PDI.  For diblock 
17 
copolymer synthesis, direct second monomer addition resulted in broad PDI due to the 
presence of both active and “sleeping” chain ends.  In order to obtain a single macro-
anion species before chain extension, a “carbanion-pump” technique was employed to 
effectively end-cap the polymer chains.  It was found that both the active and “sleeping” 
chain ends can be reactivated by end-capping with 1,1-dimethylsilacyclobutant (DMSB) 
and 1,1-diphenylethylene (DPE) (Scheme 2.5).  The end-capped polyvinylferrocene 
served as an efficient macroinitiator to produce block copolymers with methyl 
methacrylate (MMA) and 2-vinylpyridine (2VP).  A PVFc-b-PMMA diblock copolymer 
with PVFc molecular weight of 20,400 g/mol and PMMA molecular weight of 81,000 
g/mol was produced while maintaining a polydispersity of 1.02. 
2.3.3  RING-OPENING METATHESIS POLYMERIZATION 
In the early 1990s, Schrock and coworkers demonstrated that ferrocene-
containing norbornene (Fc-NBE) monomers could be successfully polymerized by ring-
opening metathesis polymerization (ROMP). A molybdenum-based metal catalyst 
(Mo(CH-t-Bu)(NAr)(O-t-Bu)2) was used to initiate the ROMP of the Fc-NBE monomers 
in THF at room temperature.
72
  The polymerization was complete in less than 30 minutes 
after addition of the monomers and quenched by addition of pivaldehyde. The 
homopolymers were well controlled and exhibited PDI between 1.1-1.2.  Solution cyclic 
voltammetry studies showed that the side-chain ferrocene redox centers were 
electronically isolated from each other and were fully capable of participating in electron 
exchange with the electrode.  Moreover, it was discovered that the polymers became 
insoluble and coated the surface of the electrode when the neutral ferrocene moieties 
were oxidized to cationic ferrocenium. Schrock et al. proceeded to bind a triblock 
18 
copolymer containing PFc-NBE, NBE, and a norbornene-triethoxysilane (NBE-TES) 
group to platinum, indium tin oxide, and n-doped silicon electrode surfaces through 
siloxane bond formation.
73
  Triblock copolymers PNBE-b-PFc-NBE-b-P(NBE-TES) and 
P(Fc-NBE)-b-PNBE-b-P(NBE-TES) were constructed in which the Fc-NBE and NBE 
blocks were alternated, which effectively located the ferrocene-containing block either 
directly onto the surface of the electrode or had the redox-active block separated from the 
electrode by the NBE block. Synthesis of triblock copolymer PNBE-b-P(Fc-NBE)-b-
P(NBE-TES) is shown in Scheme 2.6.  Attachment of the triblock polymer through the 
siloxane peripheral group proved successful; however, the polymers did not create a 
uniform monolayer on the electrode surface.  Thus, the ferrocene moieties were capable 
of penetrating to the electrode surface and undergo electrochemical reactions with the 
electrode.  Though it is beyond the scope of this article, it is worth recognizing that 
Schrock et al. also demonstrated that several other metal centers, including cobalt, 
tungsten, zinc, palladium, platinum, lead, and tin could be bound to norbornene 
monomers and successfully polymerized by ROMP.
74-77 




 Soon after the groundbreaking work of Schrock, Mirkin et al. polymerized 
ferrocene-containing norbornene monomers using a much less sensitive ruthenium-based 
catalyst. Gold nanoparticles were modified to contain a norbornene group, which served 
as an initiation site for ROMP.
78
  A block copolymer that had two separate ferrocene-
containing fractions was grown from the gold nanoparticle.  The two blocks differed in 
that the second block had an alkyl spacer between the ferrocene center and the 
norbornene moiety (Figure 2.2). The electron donating methyl group at the alpha position 
to the ferrocene effectively shifted the half-wave potential to a more negative value, as 
the oxidized, electron deficient ferrocenium cation was stabilized (Figure 2.2).  These 
results showed how ROMP could be used to functionalize nanoparticles with multiple 
polymeric layers of functionalized norbornene monomers. 
 
Figure 2.2. Structure and electrochemical properties of a gold nanoparticle coated with 
two layers of side-chain ferrocene-norbornene polymers.  
 
 Soon after, Mirkin and coworkers synthesized a novel amphiphilic norbornene 
monomer that contained not only a ferrocene moiety, but also a quaternary ammonium 
20 
salt in the linker between the ferrocene and norbornene groups. This monomer was 
shown to be easily polymerized using a commercially available ruthenium-based catalyst 
in a variety of organic solvents (Scheme 2.7).
79
  Cyclic voltammetry studies showed that 
both the monomer and polymer exhibited fully reversible redox chemistry.  The polymer 
was found to be soluble in both organic and aqueous solutions. Water soluble, redox-
active polymers have promising biological applications, especially for electrochemically 
based diagnostic uses.  
Scheme 2.7. Polymerization of an amphiphilic ferrocene-containing norbornene 
monomer by ROMP. 
 
 In the past decade, much work in side-chain cationic cylopentadienyliron arene 
(CIA) complex-containing polymers prepared using ROMP has been carried out by Abd-
El-Aziz and coworkers.
1, 80, 81
 Strictly, these iron complexes are not metallocenes. 
However, they also satisfy the 18-e rule and thus are included here. Initially, it was 
shown that embedded CIA-containing polymers enhanced the solubility in organic media 
as compared to their organic counterparts.
80, 82
  Shortly after, cationic CIA-norbornene 
derivatives containing both one and two CIA groups were prepared and successfully 
polymerized by ROMP in the presence of Grubbs’ first generation catalyst.
83, 84
  
Additionally, the 6-membered ring of the CIA moiety has been further derivatized by 
21 
methyl or arene groups.  The linker between the CIA group and the norbornene has also 
been modified by various arene units.  These various monomers are given in Figure 2.3. 
 
Figure 2.3.  Various ferrocene- and cylopentadienyliron arene complex-containing 
norbornene monomers. 
 
 As the polymerization of each substituted norbornene monomer proceeded in a 
timely and well-controlled manner, it was apparent that the steric effect of the arene rings 
and the additional CIA moiety did not adversely affect the polymerization.
83, 84
  
Furthermore, cyclic voltammetry studies showed a fully reversible redox potential for the 
CIA group depending upon whether the phenyl group was methylated. The metallic 
22 
fraction could be removed from the polymer chain by photolytic decoordination, resulting 
in completely organic polymers. An example of the polymerization and photolytic 
decoordination of a model monomer is shown in Scheme 2.8.  The polymers after 
decoordination showed to be more thermally stable than their metallic counterparts.  
Thermal stability was further enhanced by the incorporation of bulky aromatic groups.  
These rigid aromatic groups effectively increased the glass transition temperatures of the 
polymers. 
 Recently, Abd-El-Aziz et al. have prepared both neutral ferrocene and cationic 
CIA functionalized norbornene derivatives in which the linker between the 
organometallic fraction and the norbornene group was further functionalized by carbonyl 
cobalt moieties (Figure 2.3).
85
  This illustrated how the linker between the active 
polymerization site and the side-chain termini can be further modified to contain 
additional functional groups. The mixed organoiron/organocobalt polymers ranged in 
molecular weights between 4,500 and 69,000 g/mol and contained PDI between 1.2 - 1.8. 
The CIA/carbonyl cobalt polymer showed a fully reversible redox potential 
corresponding to the ferrocenium group and an irreversible electrochemical process 
corresponding to the cobalt moiety. Thermal analysis showed degradation of the carbonyl 
cobalt group at 130 
o
C and polymer backbone degradation above 350
o
C.  
Scheme 2.8. Synthesis and subsequent photolytic decoordination of a 
cylopentadienyliron arene complex-containing polymer by ROMP. 
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2.3.4  CONTROLLED/LIVING RADICAL POLYMERIZATION (CRP) TECHNIQUES 
CRP allows the synthesis of well-defined polymers with controlled molar mass, 
narrow molecular weight distribution, and well-defined architectures and 
functionalities.
86-90
 Atom transfer radical polymerization (ATRP),
53, 91-100
 reversible 





 are three of the most widely used CRP methods, 
and all involve a fast dynamic equilibrium between dormant species and active radical 
species to provide control. The conditions of the polymerization, including ATRP using 
transition metal complexes, NMP using nitroxides, and RAFT using dithioesters, are 
selected so that the equilibrium between dormant and active species is strongly shifted 
toward dormant species in order to establish a low concentration of propagating radicals 
and reduce proportion of unavoidable termination reactions. CRP is compatible with a 
wide range of monomers including acrylates, methacrylates, styrene, etc. Over the last 
one and half decades, CRP has been well established as a major tool to prepare polymers 
with predetermined molecular weight, low polydispersity and controlled architectures. 
All these three most important CRP techniques have been used to polymerize 
metallocene-containing monomers. 
2.3.4.1 NITROXIDE-MEDIATED POLYMERIZATION 
 The first report of controlled/living radical polymerization of a ferrocene-
containing monomer appeared in 1999 by Plenio and coworkers.  They attempted to 
polymerize VFc using 2, 2, 6, 6-tetramethyl-piperidine-1-oxyl (TEMPO) and 
azobisisobutyronitrile (AIBN).
108
  However, the obtained results were similar to the work 
24 
of Pittman et al. in the late 1970s.  It was found that the homopolymerizations of VFc by 
the radical pathway were limited in that only low molecular weight polymers could be 
obtained.  When polymerizations exceeded 40% monomer conversion, the polydispersity 
quickly rose to above 1.7.  These results can be attributed to the internal electron transfer 
mechanism as discussed above. The same group also prepared random copolymers of 
VFc and styrene, and observed that though higher molecular weight polymers could be 
obtained, the amount of VFc they could incorporate into the random copolymer was 
severely limited. As higher fractions of VFc were introduced, the maximum conversion 
decreased and the polydispersity increased. 
2.3.4.2 REVERSIBLE ADDITION FRAGMENTATION CHAIN TRANSFER POLYMERIZATION 
 Lu et al. has recently shown that the RAFT polymerization technique can be used 
to prepare well-controlled side-chain ferrocene-containing homo- and block copolymers. 
A novel styrene-derivatized monomer containing both an aldehyde group and a ferrocene 
moiety was synthesized and shown to exhibit a well-controlled polymerization using a 
chain transfer agent 2-cyanopropyl-2-yl dithiobenzoate (CPDB).
109
 The resulting 
homopolymer displayed a PDI below 1.2 with molecular weights under 10,000 g/mol.  It 
was noted that at above 60% conversion the polymerization slowed down dramatically. 
However, by stopping the polymerization below 60%, the group was able to chain extend 
with styrene to develop a diblock copolymer with a PDI of 1.32.  Furthermore, the chain-
extension efficiency was high, as no macroinitiator was left as shown by GPC. Recently, 
the same group reported an amphiphilic copolymer from their ferrocene/aldehyde 
monomer and poly(ethylene oxide).
110
 A monomethoxy-terminated PEO-based macro-
chain transfer agent was chain extended with the ferrocene/aldehyde monomer.  A series 
25 
of diblock copolymers were synthesized in which the degree of polymerization of the 
organometallic fraction was varied between 10 and 43.  The aldehyde group was then 
reacted with a model drug (BHA) containing an aminooxy group to investigate the drug 
delivery capabilities of the copolymer (Scheme 2.9).  Electrochemical studies showed 
that the half wave potential shifted to a more negative value after the complexation of 
aldehyde with the drug compound.  The amount of drug loading could be calculated 
simply by measuring the change in potential response by cyclic voltammetry.  Solution 
self-assembly studies were shown to form micelles with an organometallic core and a 
poly(ethylene oxide) shell when the diblock copolymer was dissolved in THF and added 
to an aqueous solution.  The micelles were not disassembled after complexation with the 
drug or after oxidizing the ferrocene group to ferrocenium.  This report is another 
example of how the linker between the active polymerization site and the ferrocene group 
can be further modified to incorporate additional desirable functional groups.  In this 
case, the aldehyde group served as an attachment site for biomolecules while the 
ferrocene moiety provided an electrochemical probe. 
Scheme 2.9.  RAFT polymerization of an amphiphilic copolymer with one block 
containing side chain ferrocene and aldehyde functionalities and subsequent loading with 





2.3.4.3  ATOM TRANSFER RADICAL POLYMERIZATION 
 The discovery of ATRP by Matyjaszewski and his coworkers, almost 
simultaneously by Sawamoto and his coworkers is one of the most important 
achievements in the field of polymer science.
53, 86-97
 The seminal and systematic work 
with the great depth by Matyjaszewski and his coworkers has pushed ATRP as the most 
widely used and successful CRP technique. ATRP differs significantly from other CRP 
techniques through the use of a copper catalyst.  It involves an activation process. During 
this process, the halogen atom is transferred from the domain species to the catalyst while 
copper (I) is oxidized to copper (II).  However, the rate constant of deactivation (kdeact) is 
at least five orders of magnitude higher than the rate constant of activation (kact).  The 
majority of the time the equilibrium is in the dormant species state, thus resulting in an 
extremely low concentration of radicals.  This minimizes undesirable termination 
reactions although the rate constant of termination (kt) is similar to that in free radical 
polymerization.  ATRP is a robust technique to precisely control the chemical 
composition and architecture of polymers as well as the uniform growth of polymer 
chains, while tolerating a wide range of monomers.  
ATRP has been recently used to prepare side-chain metallocene-containing 
polymers.
111-117
  In 2005, surface-initiated ATRP was used to graft 2-
methacryloyloxyethyl ferrocenecarboxylate (MAEFc) from quartz and ITO substrates. 
The resulting polymers showed living characteristics with polydispersities below 1.3.  
Furthermore, it was noted that the redox films were electrochemically active, showing 
fully reversible redox signals.
115
  This indicated that the electrolyte had excellent 
permeability into the polymer film and that the metallopolymer had full access to the ITO 
27 
electrode.  In a separate study by Pyun and his coworkers, ferrocene-containing homo- 
and block copolymers were also grafted from ITO.  Their study illustrated that the 
electrochemical communication between the ferrocene units and the ITO electrode can be 
modified by inserting a polymer spacer between the two components.
112
  The 
electrochemistry of the system greatly varied depending upon whether the ferrocene 
block was directly connected to the ITO surface (Figure 2.4a), or whether it was 
separated by a non-electroactive block (PMMA) (Figure 2.4b).  It was observed that 
when there was a PMMA block between the organometallic fraction and the ITO surface, 
the cathodic and anodic peaks were largely separated and significantly broadened.  This 
revealed that the PMMA block effectively impeded electrochemical communication 
between the ferrocene moieties and the ITO electrode. 
        
Figure 2.4. Structure and CV of diblock copolymers (a) PMAEFc-b-PMMA  
and (b) PMMA-b-PMAEFc grafted from ITO.  
28 
We have recently reported a systematic study on ATRP of side-chain ferrocene 
(meth)acrylates in which the length of the alkyl spacer between the (meth)acrylate unit 
and the ferrocene moiety was varied.
114
 Acrylates with alkyl spacers between 1 and 8 
methylene repeat units were synthesized.  Ferrocene-containing methacrylate monomers 
with two different alkyl units were synthesized.  It was found that most ferrocene 
(meth)acrylates were polymerized in a well-controlled fashion with narrow 
polydispersities using a Cu(I)Cl/bipyridine catalyst system, except the monomer with a 
triazole linker (Scheme 2.10).  The monomer with only one methylene group between the 
iron center and the acrylate group exhibited a high polydispersity upon polymerization 
(PDI=1.7), which can be attributed to the occurrence of internal electron transfer. 
Generally, as the length of the alkyl spacer increased, the polymerization rate decreased.  
Additionally, the rate of polymerization for the methacrylate monomer was much faster 
than that of the corresponding acrylate.  With the increase of the length of the linkers 
there was a decrease in difference between the half-wave potential of the monomer and 











Scheme 2.10.  ATRP of ferrocene-containing (meth)acrylates with various linkers.  
 
2.4 SIDE-CHAIN COBALTOCENIUM-CONTAINING POLYMERS 
While 18-e ferrocene side-chain polymers have received much attention over the 
years, by comparison, there have been far fewer examples of polymers containing 
isoelectronic 18-e cationic cobaltocenium unit. 19-e Cobaltocene was first synthesized
118-
120
 during the enormous activities following the discovery of 18-e ferrocene. The 
ionization potential of cobaltocene is 5.56 eV,
121 
only slightly above that of alkali metals, 
so that cobaltocene can lose an electron readily to form very stable 18-e cobaltocenium 
cation.
5
 Comparing cobaltocenium and ferrocene, the key difference is that 
cobaltocenium is cationic, associated with counter-ions, while ferrocene is a neutral 
metallocene. The choice of counter ions dictates the solubility of cobaltocenium. Smaller 
inorganic anions (e.g. halogen, PF6
–
) make cobaltocenium water soluble, while 
cobaltocenium with bulky organic anions (e.g. BPh4
–
) is hydrophobic. Cobaltocenium is 
in the higher Co(III) oxidation state, more inert toward oxidation than ferrocene (in lower 
30 
Fe(II) oxidation state). It is extremely difficult to remove an electron from the formal 
Co(III) center in a cobaltocenium ion, with the E1/2 of the Co(III)/Co(IV) couple falling at 
ca. 2.7 V vs ferrocene.
122, 123
 The cobaltocenium moiety could be electrochemically 
monitored through its Nernstian Co(III)/Co(II) couple expected to fall at ca. –1.6 V vs 
ferrocene.  
Given the ease oxidation of cobaltocene and the great inertness of cobaltocenium 
salts, electrophilic substitution of pre-formed cobaltocene and cobaltocenium is virtually 
impossible.
124, 125
 Substituted cyclopentadiene, particularly methylcyclopentadiene, is 
often used to prepare substituted cobaltocenium.
124-147
 Some efforts have been recently 
focused on cobaltocenium-containing dendrimer synthesis.
148-155
 Although limited early 
work produced low molecular weight main-chain cobaltocenium polymers (mostly 
oligomers due to their poor solubility) by step-growth polymerization, explicit 
characterization of macromolecular structures was often missing.
6,126, 135-138, 155-158
 
Nevertheless, these cobaltocenium compounds, dendrimers and polymers have shown 







 the use for ion-exchange
163











Scheme 2.11.  PtBA-b-P(HEA-r-AECoPF6) by ATRP and post-polymerization 
modification. 
 
We have developed a class of side-chain cobaltocenium containing polymers.
113, 
164
 As shown in Scheme 2.12, we modified a reported procedure
125
 to synthesize highly 
pure cobaltocenium monocarboxylic acid, while removing any 1,1'-
dicarboxycobaltocenium. This is a vital step toward side-chain cobaltocenium polymers, 
as trace contamination with 1,1’-disubstitued cobaltocenium could result in crosslinked 
polymers. The monocarboxycobaltocenium can be readily converted into relatively stable 
cobaltocenium acyl chloride under reflux of thionyl chloride. Our initial studies were 
focused on a post-polymerization modification strategy in which a parent homo- or block 
copolymer was prepared that contained a reactive side group.
113
  For example, well-
defined poly(tert-butyl acrylate)-block-poly(2-hydroxyethyl acrylate) (PtBA-b-PHEA) 
was synthesized using ATRP. The hydroxyl groups of the PHEA block were then reacted 
with cobaltocenium mono-acid halide under basic conditions, resulting PtBA-b-poly(2-
acryloyloxyethyl cobaltoceniumcarboxylate hexafluorophosphate)(PtBA-b-PAECoPF6), 
32 
as shown in Scheme 2.11. The esterification yields generally ranged from 60-80%.  Even 
though quantitative substitution was not obtained, intriguing solution self-assembly 
results were observed.  As shown in Figure 2.5, the morphology of block copolymer 
micelles depended on the use of solvents, as it was found that vesicles were formed when 
the block copolymers were dissolved in a mixture of acetone and water. However, when 
the block copolymers were dissolved in acetone and chloroform, very uniform (in 
diameter) and rigid nanotubes were produced.  






Figure 2.5. TEM micrographs of PtBA-b-PAECoPF6 self-assembled micelles in the 
mixture of (a) acetone/water and (b) acetone/chloroform.  
 
 In a separate study, we showed that a cobaltocenium acrylate monomer could be 
polymerized by free radical polymerization, as shown in Scheme 2.13.
164
  The resulting 
polymers showed tunable solubility by changing the counter ion. Cobaltocenium 
polymers with a hexafluorophosphate counter ion were hydrophilic, whereas polymers 
containing a tetraphenylborate counter ion were hydrophobic.  Cyclic voltammetry 
studies showed that the polymers exhibited fully reversible redox potentials.  Our current 
efforts are being undertaken at polymerizing novel cobaltocenium-containing 
(meth)acrylate or norbornene monomers by RAFT or ROMP, respectively.  Additionally, 
both solution and thin film self-assembly studies are underway. 
Scheme 2.13. Synthesis and radical polymerization of 2-acryloyloxyethyl 
cobaltoceniumcarboxylate hexafluorophosphate and an Ion-exchange Process. 
 
34 
 Recently, a report of a side-chain cyclopentadienyl-cobalt-cyclobutadiene 
(CpCoCb) polymer was described by Ragogna and coworkers.
117
  Although not 
metallocene, this 18-electron complex is electronically neutral and isoelectronic to 
ferrocene and cobaltocenium.  The cyclobutadiene ring was derivatized either by four 
phenyl rings or methyl groups.  Both an acrylate and methacrylate monomer containing 
methylated cyclobutadiene rings were synthesized.  An acrylate monomer containing a 
phenylated cyclobutadiene ring was also synthesized. Although both acrylic monomers 
were polymerizable by free radical polymerization, only the phenylated cyclobutadiene 
cobalt acrylic monomer showed some activity for ATRP (Scheme 2.14).  A 
Cu(I)Br/PMDETA system was used in benzene at 80
o
C.  Though the reaction time was 
very long (4 days), the oligomers retained a low polydispersities (PDI<1.2).  The 
oligomers were shown to be well soluble in organic solvents.  The methylated Cb ring 
polymers were thermally stable to 235
o





Scheme 2.14.  ATRP attempts of neutral cobaltocene (meth)acrylate monomers. 
 
35 
2.5 SUMMARY AND OUTLOOK 
Over the past twenty years, there has been a re-emergence of research in the field 
of metallopolymers with novel materials for applications ranging from biomedical 
applications to nanotechnology.  This mini-review is focused on the synthesis of side-
chain metallocene containing polymers prepared using living/controlled polymerization 
techniques.  It was not until recently that these polymers have been synthesized using 
controlled/living radical polymerization techniques. However, interesting synthetic and 
self-assembly studies have already shown great promise for side-chain metallocene-
containing polymers.  These side-chain metallocene polymers offer notable advantages, 
including the ability to further functionalize the metallocene rings and the spacer between 
the polymer backbone, as well as the counter ion (if charged).  In the past ten years it has 
been shown how the ability to further functionalize the linker between the polymer 
backbone and the metallocene moiety can lead to multi-functional materials. These 
materials have displayed interesting results in developing many applications.  
While most of current efforts are devoted to studying side-chain ferrocene-
containing polymers, our recent work and others open a new avenue to develop 
cobaltocenium-containing polymers.
113, 164-166
 We have started an ambitious program on 
developing side-chain cobaltocenium-containing polymers and already discovered a lot 
of fascinating properties, functions and applications that ferrocene-containing polymers 
do not have. Currently we are working on the development of various macromolecular 
architectures containing cobaltocenium moiety. 
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Scheme 2.15.  Metallocenes and their unexplored polymers prepared by direct 
polymerization or post-polymerization modification. 
 
 
Future work should pay more attention to other metallocene-containing polymers 
such as ruthenocene, rhodocene, titanocene, and chromocene. Preparation of substituted 
metallocene derivatives of monomers is very important, as they can be used to prepare 
polymers by either post-polymerization modification or direct polymerization (Scheme 
2.15). Ruthenocene is an 18-e metallocene, isoelectronic to ferrocene and cobaltocenium. 
In principle, it is possible to carry out electrophilic substitution on ruthenocene to prepare 
derivatives or monomers.
167
 Similar to cobaltocene, 19-e rhodocene is not stable. 
Compared with cobaltocenium, the even more negative reduction potential of 
rhodocenium indicates its high stability.
168
 Therefore, it is very likely that both rhodocene 
and rhodecenium can not undergo electrophlic substitution. The use of substituted 
cyclopentadiene is probably the only way to prepare substituted rhodocene. Chromocene 
is a 16-e metallocene, which is 2-electron short of 18-electron rule. Thus chromocene is 
highly reducing. The preparation of substituted chromocene also requires the use of 
substituted cyclopentadiene. Group IVB metallocenes have the cyclopentadiene groups 
facing the metal atom but present in a distorted tetrahedral arrangement such as 
titanocene (dichloride) and zirconocene (dichloride). These distorted metallocenes could 
37 
be incorporated as a pendant group into a polymer framework.
169, 170
 The work in this 
direction is almost unexplored. These various metallocenes share the high thermal 
stability and reversible redox chemistry as ferrocene, though the redox potentials, 
solubility, and magnetic properties may differ substantially. The future of this field is 
very promising as multi-functional materials are becoming ever important for the 
development of high-demand devices and niche applications. 
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3.1 ABSTRACT 
A comprehensive investigation on the synthesis and properties of a series of 
ferrocene-containing (meth)acrylate monomers and their polymers that differ in the 
linkers between the ferrocene unit and the backbone was carried out. The side-chain 
ferrocene-containing polymers were prepared via atom transfer radical polymerization 
(ATRP). The kinetic studies indicated polymerization of most monomers followed a 
“controlled”/living manner. The polymerization rates were affected by the vinyl 
monomer structures, and decreased with an increase of the linker length. Methacrylate 
polymerization was much faster than acrylate polymerization. The optical absorption of 
monomers and polymers was affected by the linkers. Thermal properties of these 
polymers can be tuned by controlling the length of the linker between the ferrocene unit 
and the backbone. By increasing the length of the linker, the glass transition temperature 
ranged from over 100 
o
C to – 20 
o
C. Electrochemical properties of both monomers and 
polymers were characterized. 
3.2 INTRODUCTION 
Among a variety of metallopolymers,
1-14
 metallocene-containing polymers have 
attracted significant attention in materials science due to their interesting properties that 
arise from their unique sandwich-like structures.
15-25
 After the discovery of ferrocene, 
macromolecules, including oligomers, polymers and dendrimers, functionalized with 
metallocene moieties have quickly found uses in applications such as catalysts, redox 
sensors, nanoceramic materials, nanolithography, and biomedical applications.
26-30
 These 
metallocene-containing macromolecules can be seen as bridging together several sub-
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fields of chemistry including inorganic, organic, polymer or dendrimer chemistry as well 
as materials science. 
 Generally, there are two classes of metallocene polymers: side-chain metallocene-
containing polymers with the metallocene unit as a pendant group, and main-chain 
metallocene-containing polymers with the metallocene as an integral part of polymer 
backbone.
18
 Earlier studies of ferrocene-functionalized polymers were focused on side-
chain polymers such as poly(vinylferrocene) due to facile electrophilic substitution of 
ferrocene. A few acrylate and methacrylate monomers have been polymerized by 
conventional techniques such as free radical, cationic, and anionic polymerization.
31-38
 
However, most of these organometallic polymers developed in the 1970s and 1980s 
lacked control on molecular weight, molecular weight distribution, and were incapable of 
producing advanced topology such as block copolymers.  Since then, side-chain 
ferrocene-containing polymers have been much less explored. Meanwhile, a seminal 
work on strained, ring-tilted metallocenophanes reported by Manners and coworkers in 
the early 1990s opened a new era in the field of ferrocene-containing polymers, that is, to 
develop well-defined high molecular weight main-chain ferrocene-containing polymers 
by anionic ring-opening polymerization.
39
 This field has been flourishing over the last 
two decades.
40, 41
 A variety of main-chain ferrocene-containing polymers have been 
developed. These ferrocene-containing polymers have found applications in magnetic 




 Although the last two decades have witnessed the rapid rampage of main-chain 
ferrocene-containing polymers, the once first-developed side-chain ferrocene-containing 
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polymers have recently started to draw attention again, especially well-defined polymers 
and block copolymers such as those synthesized by anionic polymerization
44
 and ring-
opening metathesis polymerization (ROMP).
45, 46
 The last fifteen years have also 
witnessed explosive growth of controlled/living radical polymerization (CRP) 
techniques
47-49
 as means to prepare polymers with predetermined molecular weight, low 
polydispersity, high functionality and diverse architectures. These techniques include 
nitroxide-mediated polymerization (NMP),
50, 51
 reversible addition-fragmentation chain 
transfer (RAFT) polymerization,
47
 and atom transfer radical polymerization (ATRP).
52-54
  
However, little work has been done in the use of CRP to prepare side-chain ferrocene-
containing vinyl polymers and to further explore their properties.
47-49
 To develop side-
chain ferrocene-containing polymers for broader applications, a comprehensive 
investigation on polymerization of different ferrocene monomers and their properties is 
needed.  
Herein we report an exploration of ATRP on a series of ferrocene-containing 
acrylate and methacrylate monomers. Different linkers were intentionally placed between 
the ferrocene unit and the vinyl ester group, hoping that these linkers can alter the 
physicochemical properties. The monomers with different alkyl linkers were prepared by 
effective esterification reactions between mono-substituted ferrocene and functional 
(meth)acrylates. A copper catalyzed [3+2] cycloaddition of an azide and an alkyne
55
 was 
also used to prepare a novel ferrocene acrylate monomer containing a triazole group as 
the linker. These monomers were then polymerized by ATRP with all polymerization 
kinetics studied by nuclear magnetic resonance (NMR) and gel permeation 
chromatography (GPC). The optical properties of monomers and polymers were explored 
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by Fourier transform infrared spectroscopy (FTIR) and UV-vis spectroscopy. The 
thermal properties of polymers were studied using differential scanning calorimetry 
(DSC) and thermogravimetric analysis (TGA). The electrochemical properties of 
monomers and polymers were studied using cyclic voltammetry (CV).  
3.3 RESULTS AND DISCUSSION 
Synthesis of Ferrocene-Containing (Meth)acrylate Monomers. (Meth)acrylate 
monomers with different linkers between the pendant ferrocene unit and the vinyl ester 
group were prepared by efficient halide displacement, DCC coupling, or copper catalyzed 
[3+2] cycloaddition reactions. These reactions were demonstrated to produce high quality 
monomers in high yield from commercially available materials.
56, 57
 The synthesis of 
FMA employed an efficient halide displacement chemistry by using 
hydroxymethylferrocene and acryloyl chloride in the presence of triethylamine (Scheme 
3.1A). Instead of repeated recrystallization to purify the mixture as seen in a previous 
report,
35
 the crude product was extracted with a potassium carbonate solution to remove 
excess triethylamine and resulting salts, followed by passing through a basic alumina 
column to separate out unreacted hydroxymethylferrocene. As shown in the 
1
H NMR 
(Figure 3.1A), the peaks at 4.0~4.4 ppm corresponded to cyclopentadienyl (Cp) rings 
from the ferrocene unit, and the signals at 5.8, 6.1, and 6.4 ppm were assigned to the 
double bond.  The methylene protons of FMA exhibited a singlet at a chemical shift of 
5.0 ppm. The successful synthesis of this monomer was further verified by 
13
C NMR, FT-
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Scheme 3.1. Synthesis of Ferrocene-Containing (Meth)acrylate Monomers. (A) FMA 
Prepared by Esterification Reaction; (B) AEFC, ABFC and MAEFC Prepared by DCC 
Catalyzed Esterification Reaction; (C) AOFC Prepared by Esterification Reaction; (D) 
FTA Prepared by Click Reaction. 
 
 
 Synthesis of AEFC, ABFC, and MAEFC were all involved with a one-step 
reaction utilizing the DCC catalyzed esterification reactions of ferrocenecarboxylic acid 
and appropriate hydroxyl-containing acrylate (2-hydroxyethyl acrylate and 4-
hydroxyethyl acrylate) or methacrylate (2-hydroxyethyl methacrylate) as shown in 
Scheme 3.1B.  Figures 3.1B, 3.1C and 3.1D show the 
1
H NMR spectra of AEFC, 
MAEFC and ABFC, respectively. The chemical shifts of the Cp protons were located at 
4.2, 4.4, and 4.8 ppm, while the alkyl groups were clearly assigned in the spectra. 
13
C 
NMR, mass spectrum analysis, FT-IR, and UV-Vis further provided unambiguous 
evidence for the formation of pure ferrocene-containing vinyl monomers.  This is a 
convenient and efficient pathway to synthesize ferrocene monomers, as simple column 
chromatography was sufficient to separate and purify desirable products.  
  50 
 To obtain a monomer with the longest linker (C8) between the ferrocene unit and 
the vinyl ester group involved in this work, a synthetic route involving both DCC 
coupling and halide displacement reactions was carried out, as shown in Scheme 3.1C. 
The first step was an esterification reaction to obtain hydroxyoctylferrocene by DCC 
coupling between ferrocenecarboxylic acid and 1, 8-octanediol. A large excess of diol 
was necessary to avoid the formation of two ferrocene moieties linked by the C8. This 
hydroxyoctylferrocene was then reacted with acryloyl chloride via a halide displacement 
reaction in the presence of triethylamine, yielding AOFC.  Figure 3.1E shows the 
1
H 
NMR of AOFC, and each proton was clearly assigned. 
 In order to evaluate how linkers other than alkyl groups affect the polymerization, 
a new ferrocene-containing acrylate with a triazole group as the linker, FTA, was 
synthesized from azidomethylferrocene and propargyl acrylate through a copper 
catalyzed [3+2] cycloaddition reaction, as shown in Scheme 3.1D. Azidomethylferrocene 
was synthesized by reacting hydroxymethylferrocene and sodium azide in the presence of 
acetic acid.  Azidomethylferrocene was then reacted with propargyl acrylate in the 
presence of a copper (I) catalyst, yielding the desired product, FTA, in an exceptionally 
high yield. Protons from Cp rings and double bond exhibited similar chemical shifts to 
other ferrocene monomers, along with a strong singlet at 7.5 ppm corresponding to the 
characteristic triazole proton (Figure 3.1F). Also, there were two singlets at 5.2-5.3 ppm 
from the protons at the alpha carbon next to the ferrocene moiety and protons next to the 
ester group. 
13
C NMR, FT-IR, and UV-Vis further demonstrate the purity of FTA.   
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Figure 3.1.  
1
H NMR (CDCl3) of FMA (a), AEFC (b), MAEFC (c), ABFC (d), AOFC 
(e), and FTA (f). 
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 Atom Transfer Radical Polymerization of Ferrocene (Meth)acrylate 
Monomers.  ATRP was used to polymerize the six different ferrocene monomers. The 
polymerization conditions were kept the same for all monomers in order to compare the 
kinetics and monomer activities. Copper(I) chloride, bpy, and EBiB were used as the 
catalyst, ligand, and initiator respectively. The polymerization was carried out in toluene 
with a molar ratio [monomer]:[EBiB]:[Cu(I)Cl]:[bpy] of 100:1:2:4 at 90
o
C, as shown in 
Scheme 3.2. To demonstrate whether ATRP of these ferrocene-containing monomers 
follows a controlled and “living” nature, all polymerization kinetics was investigated. 
Samples were taken out of the reaction flask under the protection of nitrogen gas at 
periodic intervals.  The conversion of monomers was determined from 
1
H NMR analysis 
of crude reaction mixtures by comparing the integration area of peaks at 5.8-6.5 ppm 
(double bond from monomer) and the peaks from Cp rings (4.0~4.8 ppm). The 
semilogarithmic plots are shown in Figure 3.2.  Each polymerization showed a linear 
kinetic plot as the reaction time increased, indicating a controlled/living polymerization. 
As shown in a representative plot (AOFC polymerization) in Figure 3.3, the GPC-based 
molecular weight increased linearly with monomer conversion calculated from 
1
H NMR 
analysis, further confirming the living nature of the polymerization. All other polymers 
showed similar linear relationship between molecular weight and reaction conversion.  
Scheme 3.2.  Side-Chain Ferrocene-Containing Polymers Prepared by ATRP: PAEFC 
(n=2, R=H), PABFC (n=4, R=H), PAOFC (n=8, R=H), and PMAEFC (n=2, R=CH3). 
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Figure 3.2.  Semilogarithmic kinetic plots of polymerization of FMA, AEFC, ABFC, 
AOFC, and MAEFC monomers by ATRP. 






















Figure 3.3.  A representative plot of molecular weight (Mn, GPC) and monomer 
conversion (
1
H NMR): ATRP of AOFC. 
 
 One of the goals of this study was to determine the effects of the length of alkyl 
linkers on the polymerization kinetics and monomer reactivities.  For acrylate monomers, 
it was found that as the length of alkyl linkers increased, the polymerization rate 
decreased, which was confirmed with the decrease of the slopes of the semilogarithmic 
kinetic plots (Figure 3.2). Table 3.1 shows the polymerization conditions and results of 
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obtained polymers. Overall, the conversion of the monomers was controlled at about 
50~60%. The FMA monomer showed the highest activity while AOFC exhibited slowest 
polymerization: ~50% conversion after ~68 hours.  This is somewhat unexpected, as the 
bulky ferrocene unit would have exerted a steric effect to slow down the polymerization 
for monomer FMA. However, the steric effect of alkyl linkers, especially long alkyl 
chains, should also play an important role in controlling the polymerization. It was 
demonstrated that acrylates with long alkyl side group have a lower rate constant of 
termination compared with those with short alkyl groups such as methyl acrylate. This is 
due to the ability of the long alkyl group to effectively screen the radical end of the 
growing polymer chains and therefore reduce bimolecular termination.
58-60
 However, the 
screening effect also slows down the rate of chain propagation.  This screening effect 
likely explains the control of polymerization on ferrocene-containing acrylates. Indeed, 
PFMA has a much higher polydispersity (PDI=1.7) probably due to the ability of the 
short linker to transfer the radical from the growing chain end to the ferrocene metal 
center
61
.  In contrast, even after more than 60 hours of polymerization, the polymerization 
of AOFC still progressed nicely, indicating a low rate constant of termination as well as 
low activity of the monomer.  The final polymer PAOFC has a PDI as low as 1.12.  It 
should be pointed out that hydrophobicity of monomers due to long alkyl chains in less 
polar solvents (e.g. toluene in this work) seemed not to play a strong role in the ferrocene 
monomers, although early work on polymerization of dodecyl or octadecyl acrylates 
indicated the formation of heterogeneous catalyst system.
58-60
 The reduced effect of long 
alkyl hydrophobicity in our monomers was probably due to the presence of the ferrocene 
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group, which is soluble in almost all organic solvents. This was clearly confirmed with 
formation of homogeneous catalyst system in all polymerizations. 







































Toluene bpy 8 63.3 21700 5250 1.25 
 
a
[M]:[I]:[C]:[L]: molar concentration ratio of monomer : initiator : catalyst : ligand.  
Initiator: ethyl 2-bromoisobutyrate bromide; catalyst: Cu(I)Cl; ligand: 2,2’-dipyridyl.  
b
Monomer conversion determined by 
1
H NMR.  
c
Molecular weight obtained from 
1
H 
NMR using conversion of monomer.  
d
Obtained from GPC using polystyrenes as 
standards. 
 
As expected, the ferrocene-containing methacrylate monomer MAEFC showed a 
much faster polymerization than acrylate monomers. A 63% conversion was achieved in 
8 h. The polymerization proceeded in a living nature as confirmed from the linear kinetic 
plot. The PDI of homopolymer PMAEFC was reasonably low (1.25). Other methacrylate 
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monomers with different linkers were not studied in this work. We expect that the control 
should be similar to the acrylate polymerization, although with much faster kinetics.  
The polymerization of monomer FTA under similar reaction conditions 
completely failed. No polymers were obtained after 48 hours. ATRP and click chemistry 
have been combined in previous reports utilizing post polymer modification either at the 
end of the polymer chain or at the side chains.
62
 For end-group modification, the terminal 
alkyl halide from a polymer synthesized by ATRP can be converted into an azide group 
and then reacted with an alkyne group to attach various functional groups or add 
additional block segments.
63-65
  ATRP initiators have also been designed to have a 
terminal azide that can also be used for a click reaction after the polymerization is 
complete.
66
 For side-chain modification, monomers containing an azide or protected 
alkyne side group can be polymerized, and then reacted under typical click chemistry 
conditions to modify the side-chain with desired functionalities.
67, 68
  Though there were 







 there have been almost no such 
accounts on ATRP of triazole-containing monomers. This is not unexpected, given that 
the triazole group may have sophisticated complexation with copper catalysts, possibly 
suppressing the polymerization. In addition, the triazole group imparted additional steric 
effect on the monomer activity. A possible solution is to use a much more active ligand 
such as Me6Tren (tris(2-(dimethylamino)ethyl)amine), which is currently in progress. 
All obtained ferrocene polymers were soluble in most conventional solvents such 
as toluene, THF, chloroform, dichloromethane, dimethylformamide, etc.  Figure 3.4 
shows 
1
H NMR spectra of five obtained homopolymers: PFMA, PAEFC, PABFC, 
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PAOFC and PMAEFC. All NMR spectra show characteristic ferrocene peaks at 5.8~6.5 
ppm and peaks from polymer backbone at 0.8~2.5 ppm.  All other peaks from the alkyl 
linkers were clearly assigned. 
 
Figure 3.4.  
1
H NMR (CDCl3) of PFMA (a), PAEFC (b), PMAEFC (c), PABFC (d), and 
PAOFC (e) prepared by ATRP. 
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Optical Properties of Ferrocene Vinyl Monomers and Side-Chain Ferrocene-
Containing Polymers.  Generally, monomers showed similar absorption peaks to their 
corresponding polymers. All monomers and polymers exhibited major characteristic 
peaks at ~3100 cm
-1
 for C–H stretching from Cp rings, peaks at ~2960 cm
-1
 for all other 
C-H stretching, peaks at ~1710 cm
-1
 for C=O stretching. With the increase of the alkyl 
linker length, the absorption intensity of C-H stretching (non-Cp rings) increased. 
Typipcally, monomers and their corresponding polymers have similar absorption 
peaks, as observed by UV-Vis. FMA, PFMA and FTA showed three characteristics 
absorption peaks from ferrocene at ~235 nm, ~325 nm and ~445 nm resulting from the -
* transition, the ring MO-MO* tranisition, and the d-d* transition, respectively.
74, 75
 All 
other monomers and polymers (AEFC, ABFC, AOFC, MAEFC and their polymers) 
showed the following peaks: ~235 nm, ~263 nm, ~308 nm, ~345 nm, ~445 nm.  The -
* transition remains at ~235 nm.  The origin of peak at ~263 nm is believed to be from 
the ring MO-MO* transition.  The difference between these monomers and polymers is 
primarily due to the structures of linkers.  It has been established that the ring MO-MO* 
transition is considerably affected by substitutions on the Cp rings.
74, 75
  Both FMA and 
FTA have a –CH2– connected with ferrocene, while AEFC, ABFC, AOFC and MAEFC 
have an ester group connected with ferrocene.  The absorption intensity of peaks at ~445 
nm is almost same for all monomers and polymers.  This is consistent with the notion that 
the wavelength of the band maximum at ~445 nm is insensitive to substitutions on the Cp 
rings.
74
  Absorption at 308 nm is due to the intermolecular charge transfer excitation to 
solvents.  It is not clear why absorption at 308 nm disappeared from FMA, PFMA and 
FTA spectra. 
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Thermal Properties of Side-Chain Ferrocene-Containing Polymers. The 
thermal properties of ferrocene-containing (meth)acrylate polymers were characterized 
with the aid of DSC and TGA. Thermal behaviors of these homopolymers exhibited a 
strong correlation with the alkyl linkers. As shown in Figure 3.5, PAOFC, which 
contains the longest alkyl linker, showed the lowest Tg at ~ –20
o
C, while PABFC and 




C, respectively. Tg of the 
acrylate polymer PFMA, which contains the shortest linker, was somehow ambiguous in 
the DSC traces.  It seemed to have two different “Tg” like transitions at 101 
o
C and 132 
o
C. It is not very clear the origins of these transitions. Compared with acrylate polymers, 
methacrylate polymers PMAEFC with the same length of alkyl linker exhibited an 
expected and noticeable higher Tg at ~70
o
C. Clearly, the longer the linker between the 
bulky ferrocene unit and the backbone, the lower the Tg of the polymers.  This is in 
agreement with the notion that longer linkers reduced the rotation barriers of 
(meth)acrylate polymers and therefore decreased the Tg. 














Figure 3.5.  DSC traces of PFMA, PAEFC, PABFC, PAOFC and PMAEFC 
homopolymers polymerized by ATRP. 
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The thermal stability of side-chain ferrocene-containing polymers was carried out 
using TGA. As shown in Figure 3.6, all homopolymers had at least three weight-loss 
stages. All polymers were stable below 220 
o
C. The onset temperature of major weight 
loss ranged from 220 
o
C to 300 
o
C. Most of polymer backbone and organic side group 
decomposed when heated to 450-480 
o
C. Above these temperatures, appreciable weight 
loss was observed, and was mostly due to the decomposition of the Cp ring from the 
ferrocene moiety. As expected, the final weight percent of the homopolymers decreased 
as the increase of the linker length. PFMA exhibited quite different weight loss behavior 
than the other four homopolymers. The first stage of weight loss occurred at 220-380
o
C, 
followed by the largest weight loss at 380-500 
o
C. The different weight loss behavior of 
PFMA was probably due to the difference in the linker structure compared with the other 
four polymers. PAEFC, PABFC, PAOFC, and PMAEFC have two ester groups located at 
the alpha position of both the ferrocene unit and the polymer main chain while PFMA has 
only one ester group located at the alpha position of the polymer main chain.  



























Figure 3.6.  TGA curves of side-chain ferrocene-containing polymers: PFMA, PAEFC, 
PABFC, PAOFC and PMAEFC at a heating rate of 10 
o
C/min from 40 
o
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 Electrochemical Properties of Ferrocene (Meth)acrylate Monomers and 
Side-Chain Ferrocene-Containing Polymers. It is well known that ferrocene has a 
reversible redox potential that can be utilized for electrochemical sensing.
24, 25
 Thus, the 
electrochemical properties of side-chain ferrocene-containing monomers and polymers 
were also studied. All cyclic voltammograms were recorded in the presence of n-
Bu4NPF6 electrolytes using dichloromethane as the solvent. Generally, all monomers and 
polymers exhibited one-electron transfer, as evidenced by single oxidation and reduction 
peaks as shown in Figure 3.7.  The equal anodic and cathodic peak currents indicated 
that all monomers showed reversible redox behavior. However, most of side-chain 
ferrocene-containing polymers showed irreversible redox behavior, as the reduction peak 
currents were smaller than the oxidation currents. The anodic voltammetric behavior of 
ferrocene (Fe(II)) polymers may be deteriorated by the insolubility of their oxidized form 
(Fe(III), ferrocenium polymers) in dichloromethane. The one-electron oxidation of Fe(II) 
then resulted in the deposition of electrogenerated ferrocenium polymers on the electrode 
surface.  
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Figure 3.7.  Cyclic voltammograms of FMA, AEFC, ABFC, AOFC and MAEFC 
monomers and their corresponding homopolymers. 
  63 
The linkers between the ferrocene unit and double bond in the monomers or 
backbone of polymers had an influence on the half-wave potential (E1/2).
76
  When 
electron-donating groups such as alkyl groups are adjacent to the Cp ring, there is a shift 
to a more negative potential.  This is due to the stabilizing effect that an electron donating 
group has on the reduced ferrocenium state. Electron-withdrawing groups such as 
carbonyls shift the potential more positively, as the reduced ferrocenium state is less 
favored. This trend was observed in both the ferrocene-containing monomers and 
polymers, as the potential of FMA and PFMA shifted more negatively than the other 
ferrocene (meth)acrylates that contain an alpha carbonyl (Figure 3.8 and Table 3.2). 
With the increase of the linker length, the difference in electrochemical potential between 
monomers and polymers decreased. PABFC and PAOFC exhibited very similar redox 
behaviors to the corresponding monomers ABFC and AOFC, respectively. In addition, 
PAEFC and PMAEFC also displayed similar redox properties, indicating that the 
additional methyl group in methacrylate polymers had a minimal impact on 
electrochemical behaviors. As previously reported,
77
 the half-wave potential (E1/2) of the 
polymers slightly shifted from the corresponding monomers due to the ferrocene moiety 
being attached to a polymer backbone which changed the diffusion coefficient and 
affected the oxidation and reduction potentials, especially for PFMA, PAEFC and 
PMAEFC polymers. 
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Figure 3.8. Correlation curves of acrylate monomers and polymers: half wave redox 
potential vs. the length of linkers. 
 
Table 3.2. Electrochemical Properties of Side-Chain Ferrocene-Containing Monomers 
and Polymers 
 
Pot, V FMA PFMA AEFC PAEFC ABFC PABFC AOFC PAOFC MAEFC PMAEFC 
Eoxd 0.42 0.40 0.58 0.54 0.54 0.58 0.50 0.63 0.58 0.54 
Ered 0.60 0.50 0.76 0.67 0.82 0.73 0.83 0.72 0.79 0.64 
E1/2 0.51 0.45 0.67 0.61 0.68 0.66 0.67 0.68 0.69 0.60 
 
3.4 EXPERIMENTAL 
 Materials.  Toluene (Acros) was dried over molecular sieves and distilled prior to 
use.  N,N’-Dicyclohexylcarbodiimide (DCC, 99%), 4-(dimethylamino)pyridine (DMAP, 
99%), 2-bromoisobutyryl bromide (97%), acryloyl chloride (96%), ethyl 2-
bromoisobutyrate (EBiB, 97%) and propargyl acrylate (95%) from Alfa Aesar, 
ferrocenecarboxylic acid (97%), copper(I) chloride (99.999%), N,N,N’,N’,N’’-
pentamethyldiethylenetriamine (PMDETA) and sodium azide from Aldrich, 
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ferrocenecarboxaldehyde (98%), 2-hydroxyethyl acrylate (97%), 2-hydroxyethyl 
methacrylate (97%), 4-hydroxybutyl acrylate (96%), 2,2’-dipyridyl (bpy, 99%) and 1,8-
octanediol (96%), triethylamine (99%) from Acros, and all other reagents were used as 
received unless otherwise noted. 
 Characterization.  
1
H (300 MHz) and 
13
C (75 MHz) NMR spectra were recorded 
on a Varian Mercury 300 NMR spectrometer with tetramethylsilane (TMS) as an internal 
reference. Mass spectrometry was conducted on a Waters Micromass Q-Tof mass 
spectrometer, and the ionization source was positive ion electrospray. Ultraviolet-visible 
spectroscopy (UV-Vis) was carried out on a Shimadzu UV-2450 spectrophotometer with 
a 10.00 mm quartz cuvette using tetrahydrofuran (THF) as solvent and monochromatic 
light of various wavelengths over a range of 190-900 nm. GPC was performed at room 
temperature on a Varian system equipped with a Varian 356-LC refractive index detector 
and a Prostar 210 pump. The columns were STYRAGEL HR1, HR2 (300 X 7.5 mm) 
from Waters. HPLC grade THF was used as eluent at a flow rate of 1 mL/min. THF and 
samples were filtered through microfilters with pore size of 0.2 µm (Teflon, 17 mm 
Syringes Filters, National Scientific, USA). Polystyrene standards were used for 
calibration. FT-IR spectra were recorded on a PerkinElmer Spectrum 100 FT-IR 
spectrometer equipped with a Universal ATR sampling accessory. Thermal transitions of 
the polymers were recorded using DSC on a TA Instruments Q2000 in a temperature 
range from -70 to 200 
o
C at a heating rate of 10 
o
C/min under constant nitrogen flow at a 
rate of 50 mL/min. About 5 mg samples were added to an aluminum hermetic pan and 
sealed. The data was collected on the second heating run. TGA was conducted on a TA 
Instruments Q5000 using a heating rate of 10 
o
C/min from 40 to 1000 
o
C under constant 
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nitrogen flow. CV was carried out on a BAS CV-50W Voltametric Analyzer at a scan 
rate of 50 mV s
-1
 with dichloromethane as solvent, 0.1 M tetra-n-butylammonium 
hexafluorophosphate (n-Bu4NPF6) as electrolyte, glassy carbon as a working electrode, 
platinum as a counter electrode, and Ag/Ag(I)Cl as a reference electrode. 
Synthesis of Ferrocene-Containing (Meth)acrylate Monomers. 
 Hydroxymethylferrocene.  Ferrocenecarboxaldehyde (10.1 g, 47.19 mmol) was 
added to methanol (270 mL) under nitrogen atmosphere and cooled to 0 
o
C.  Sodium 
borohydride (4.52 g, 119.48 mmol) was added portion-wise over 2 hours to the solution, 
and stirred at room temperature overnight. The reaction mixture was quenched with 
aqueous ammonium chloride solution (0.5 M, 250 mL) and stirred for 30 min. Then, 
saturated sodium chloride solution (50 mL) was added and stirred for 5 min. The reaction 
mixture was extracted with dichloromethane (3 x 200 mL). The organic fractions were 
combined, dried over magnesium sulfate, filtered, and vacuum dried to afford 
hydroxymethylferrocene as a yellow solid (10.02 g, 97%). 
1
H NMR (CDCl3),  (TMS, 
ppm): 4.33 (d, J = 5.01 Hz, 2H, CH2Fc), 4.24 and 4.18 (9H, CH of Fc), 1.57 (s, 1H, 
CH2OH).  FT-IR (cm
-1
):  3210, 3087, 2955, 1453, 1237, 1191, 1104, 987, 807.  
 Ferrocenemethyl acrylate (FMA).  Hydroxymethylferrocene (3.7 g, 17.12 
mmol) and triethylamine (30 mL, 215.24 mmol) were dissolved in dry dichloromethane 
(200 mL) and cooled to 0 
o
C.  Acryloyl chloride (3.0 mL, 36.46 mmol) was added to the 
solution dropwise over 30 min and allowed to stir at 0 
o
C for two hours.  The solution 
was then allowed to stir at room temperature overnight before washing with saturated 
potassium carbonate solution (2 x 300 mL). The organic layers were combined, dried 
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over magnesium sulfate, filtered, and concentrated.  The product was passed through a 
basic alumina column using dichloromethane as solvent. The solution was collected, 
concentrated, and vacuum dried to afford a yellow solid (4.11 g, 89%).  
1
H NMR 
(CDCl3),  (TMS, ppm): 6.44 (d, J = 18.1 Hz, 1H, vinyl H), 6.15 (dd, J = 10.38 and 17.31 
Hz, 1H, vinyl H), 5.83 (d, J = 10.4 Hz, 1H, vinyl H), 4.98 (s, 2H, CH2Fc), 4.29 and 4.17 
(m, 7H, CH of Fc).  
13
C NMR(CDCl3),  (TMS, ppm): 166.1 (C=O), 130.6 and 128.5 
(COOCH=CH2), 81.2 (Cq of Fc), 69.6, 68.8, and 68.5 (CH of Fc), 62.9 (FcCH2).  FT-IR 
(cm
-1
): 3101, 2954, 1713, 1622, 1410, 1264, 1177, 1041, 817. MS (EI), m/z calcd for 
C14H14O2Fe 270.11; found 270 (M
+
). 
 2-(Acryloyloxy)ethyl ferrocenecarboxylate (AEFC).  Ferrocenecarboxylic acid 
(2.01 g, 8.74 mmol), 2-hydroxyethyl acrylate (1.3 mL, 11.33 mmol) and DMAP (0.13 g, 
1.06 mmol) were dissolved in 100 mL dry dichloromethane, purged with N2 gas, and 
cooled to 0 
o
C.  DCC (2.15 g, 10.44 mmol) was dissolved in dry DCM (20 mL) and 
added dropwise to the solution over one hour, then stirred at room temperature for 24 
hours. The solution was filtered, concentrated, and the mixture was separated by column 
chromatography (silica gel, eluent: 12:1 hexane/ethyl acetate).  The product was 
collected, concentrated, and vacuum dried, yielding a yellow solid (2.0 g, 70%). 
1
H NMR 
(CDCl3),  (TMS, ppm): 6.51 (d, J = 18.27 Hz, 1H, vinyl H), 6.23 (dd, J = 10.41 Hz and 
17.31 Hz, 1H, vinyl H), 5.90 (d, J = 11.37 Hz, 1H, vinyl H), 4.20-4.82 (m, 9H, CH of 
Fc), 4.47 (s, 4H, COOCH2CH2COO). 
13
C NMR(CDCl3),  (TMS, ppm):  171.6 
(FcCOOCH2), 165.9 (CH2COOCH=CH2), 131.5 and 128.1 (COOCH=CH2), 70.5 (Cq of 
Fc), 71.5, 70.2, 69.8 (CH of Fc), 62.5 and 61.9 (COOCH2CH2COO).  FT-IR (cm
-1
): 3112, 
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2951, 1707, 1619, 1464, 1408, 1264, 1148, 818.  MS (EI), m/z calcd for C16H16O4Fe 
328.14; found 328 (M
+
). 
 4-(Acryloyloxy)butyl ferrocenecarboxylate (ABFC).  This compound was 
prepared as an orange solid from ferrocenecarboxylic acid (2.75 g, 11.957 mmol), 4-
hydroxybutyl acrylate (2.0 mL, 14.44 mmol), DMAP (0.18 g, 1.47 mmol), and DCC 
(2.96 g, 14.35 mmol) in dry dichloromethane (100 mL) following a similiar procedure 
used for AEFC synthesis.  Yield:  3.19 g (75%). 
1
H NMR (CDCl3),  (TMS, ppm): 6.44 
(d, J = 17.32 Hz, 1H, vinyl H), 6.16 (dd, J = 10.4 Hz and 17.3 Hz, 1H, vinyl H), 5.84 (d, 
J = 7.8 Hz, 1H, vinyl H), 4.19-4.80 (m, 9H, CH of Fc), 4.39 (s, 4H, 
COOCH2(CH2)2CH2COO), 1.83 (s, 4H, COOCH2(CH2)2CH2COO).  
13
C NMR (CDCl3), 
 (TMS, ppm):  171.7 (FcCOOCH2), 166.3 (CH2COOCH=CH2), 130.8 and 128.4 
(COOCH=CH2), 71.1 (Cq of Fc), 71.3, 70.1, 69.7 (CH of Fc), 64.1 and 63.6 
(COOCH2CH2CH2CH2COO), 25.6 and 25.5 (COOCH2CH2CH2CH2COO).  FT-IR (cm
-1
):  
3112, 2962, 1710, 1635, 1411, 1273, 1190, 1132, 812.  MS (EI), m/z calcd for 
C18H20O4Fe 356.20; found 356 (M
+
). 
 Hydroxyoctylferrocene.  Ferrocenecarboxylic acid (1.5 g, 6.52 mmol), 1, 8-
octanediol (3.81 g, 26.10 mmol), and DMAP (0.32 g, 2.61 mmol) were dissolved in dry 
dichloromethane (100 mL), purged with nitrogen gas, and cooled to 0 
o
C.  DCC (5.37 g, 
26.07 mmol) was added to the solution and allowed to stir for 30 minutes at 0 
o
C, then 
stirred at room temperature for 24 hours. The solution was filtered, concentrated, and the 
mixture was separated by column chromatography (silica gel, eluent: 9:1 hexane/ethyl 
acetate). The product was collected, concentrated, and vacuum dried at room 
temperature, yielding an orange solid (1.79 g, 77%).  
1
H NMR (CDCl3),  (TMS, ppm): 
  69 
4.19-4.80 (m, 9H, CH of Fc), 4.22 (s, 2H, FcCOOCH2), 3.65 (m, 2H, CH2OH), 1.72 (m, 
2H, FcCOOCH2CH2), 1.56 (m, 2H, CH2CH2OH), 1.32-1.37 (m, 8H, 
COOCH2CH2(CH2)4).  FT-IR (cm
-1
): 3220, 3086, 2940, 1236, 1190, 1105, 986, 812.  
 8-(Acryloyloxy)octyl ferrocencarboxylate (AOFC). Hydroxyoctylferrocene 
(1.45 g, 4.05 mmol) and triethylamine (2.3 mL, 16.5 mmol) were dissolved in dry 
dichloromethane (125 mL) and cooled to 0
o
C. Acryloyl chloride (0.7 mL, 8.66 mmol) 
was added to the solution dropwise over 30 min. The solution was allowed to stir at room 
temperature for 24 hours.  The resulting solution was extracted with saturated potassium 
carbonate solution (3 X 150 mL). The organic layers were combined, dried over 
magnesium sulfate, filtered, and concentrated.  The organic products were separated 
using column chromatography (silica gel, eluent: 9:1 hexane/ethyl acetate). Yield = 1.36 
g (82%). 
1
H NMR (CDCl3),  (TMS, ppm): 6.43 (d, J = 18.39 Hz, 1H, vinyl H), 6.17 (dd, 
J = 10.4 Hz and 17.3 Hz, 1H, vinyl H), 5.83 (d, J = 11.43 Hz, 1H, vinyl H), 4.24-4.84 (m, 
9H, CH of Fc), 4.18 (4H, COOCH2(CH2)6CH2COO), 1.69 (m, 4H, 
COOCH2CH2(CH2)4CH2CH2COO), 1.39 (m, 8H, COOCH2CH2(CH2)4CH2CH2COO).  
13
C NMR (CDCl3),  (TMS, ppm):  171.8 (FcCOOCH2), 166.4 (CH2COOCH=CH2), 
130.5 and 128.6 (COOCH=CH2), 71.5 (Cq of Fc), 71.1, 70.1, 69.7 (CH of Fc), 64.6 and 
64.2 (COOCH2(CH2)6CH2COO), 25.6-29.2 (COOCH2(CH2)6CH2COO).  FT-IR (cm
-1
):  
3101, 2937, 2857, 1712, 1635, 1460, 1406, 1270, 1190, 1136, 812.  MS (EI), m/z calcd 
for C22H28O4Fe 412.30; found 412 (M
+
). 
 2-(Methacryloyloxy)ethyl ferrocenecarboxylate (MAEFC). This compound 
was prepared as an orange solid from ferrocenecarboxylic acid (2.02 g, 8.78 mmol), 2-
hydroxyethyl methacrylate (1.3 mL, 10.72 mmol), DMAP (0.13 g, 1.06 mmol), and DCC 
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(2.15 g, 10.43 mmol) in dry dichloromethane (100 mL) following a similiar procedure 
used for AEFC synthesis.  Yield: 2.40 g (80%).  
1
H NMR (CDCl3),  (TMS, ppm): 6.19 
(s,1H, vinyl H), 5.62 (s,1H, vinyl H), 4.20-4.82 (m, 9H, CH of Fc), 4.47 (s, 4H, 
COOCH2CH2COO), 1.98 (s, 3H, COOC(CH3)=CH2). 
13
C NMR(CDCl3),  (TMS, ppm): 
170.2 (FcCOOCH2), 167.1 (CH2COOCH=CH2), 136.3 and 126.0 (COOC(CH3)=CH2), 
70.6 (Cq of Fc), 71.4, 70.2, 69.8 (CH of Fc), 62.6 and 61.9 (COOCH2CH2COO), 18.2 
(COOC(CH3)=CH2).  FT-IR (cm
-1
): 3108, 2958, 1705, 1638, 1467, 1280, 1146, 821.  MS 
(EI), m/z calcd for C17H18O4Fe 342.17; found 342 (M
+
). 
 Azidomethylferrocene.  Hydroxymethylferrocene (3.8 g, 17.59 mmol), sodium 
azide (6.86 g, 105.52 mmol), and glacial acetic acid (190 mL) were added to a round 
bottom flask under nitrogen flow and heated to 50 
o
C for 3.5 hours. After the solution 
cooled to room temperature, dichloromethane (500 mL) was added and the organic layer 
was extracted with saturated sodium bicarbonate solution (3 X 300 mL) followed by 
extraction with deionized water (300 mL). The organic fractions were combined, dried 
over anhydrous magnesium sulfate, filtered, and vacuum dried.  Yield = 4.14 g (97.6 %).  
1
H NMR (CDCl3),  (TMS, ppm): 4.23-4.16 (7H, CH of Fc), 4.12 (s, 2H, FcCH2N3).  FT-
IR (cm
-1
):  3105, 2944, 2100, 1450, 1259, 1106, 1036, 1000, 854. MS (EI), m/z calcd for 
C11H11N3Fe 241.1; found 241 (M
+
).   
 Ferrocenylmethyl triazole methyl acrylate (FTA).  Copper (I) bromide (0.116 
g, 0.81 mmol) was added to a round bottom flask and purged with nitrogen for 10 min.  
PMDETA (0.2 mL, 0.97 mmol) and dry deoxygenated THF (1.0 mL) were added and 
stirred for 10 min.  In a separate round bottom flask, propargyl acrylate (1.2 mL, 10.86 
mmol) and azidomethylferrocene (1.95 g, 8.09 mmol) were dissolved in dry THF (100 
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mL) and deoxygenated by nitrogen bubbling for 25 min. This degassed solution was then 
transferred to the flask containing the copper complex and allowed to stir at room 
temperature overnight. The resulting mixture was filtered and passed through a basic 
alumina column. All solutions were concentrated and vacuum dried at room temperature. 
Yield = 2.53 g (90%).  
1
H NMR (CDCl3),  (TMS, ppm): 7.52 (s, 1H, NCH=C), 6.4388 
(d, J = 17.28 Hz, 1H, vinyl H), 6.15 (dd, J = 10.41 Hz and 17.28 Hz, 1H, vinyl H), 5.85 
(d, J = 10.41 Hz, 1H, vinyl H), 5.28 (s, 2H, CH=CCH2OC=O), 5.26 (s, 2H, FcCH2N), 
4.28-4.17 (m, 9H, CH of Fc).  
13
C NMR(CDCl3),  (TMS, ppm): 165.9 (COOCH=CH2), 
142.5 (NCH=C), 131.5 (NCH=C), 128.0 and 123.2 (COOCH=CH2), 80.7 (Cq of Fc), 
69.1, 68.9, and 68.9 (CH of Fc), 57.7 (FcCH2N), 50.1 (COOCH2C).  FT-IR (cm
-1
):  3122, 
2976, 1722, 1635, 1546, 1445, 1406, 1333, 1296, 1226, 1177, 1104, 1052, 984, 821.  MS 
(EI), m/z calcd for C17H17N3O2Fe 351.22; found 351 (M
+
). 
General Polymerization Procedure and Kinetic Study. For a typical 
polymerization, the ferrocene-containing (meth)acrylate (100 molar eq.), Cu(I)Cl (2 
molar eq.), and 2,2’-dipyridyl (bpy) (4 molar eq.) were added to a 10-mL Schlenk flask 
and degassed by purging with nitrogen. Distilled toluene (1 mL) was added to a 5 mL 
round bottom flask and degassed by bubbling the solution with nitrogen gas for 10 min. 
Ethyl 2-bromoisobutyrate (EBiB) (1 molar eq.) was added directly to the Schlenk flask 
followed by addition of the degassed toluene. The mixture was further degassed by 
nitrogen bubbling for 5 min. The reaction was stirred at room temperature for 15 min 
before the flask was placed in an oil bath preheated to 90 
o
C. An initial sample was taken 
in order to accurately determine the reaction conversion by 
1
H NMR. Samples were 
periodically taken over the course of the polymerization for 
1
H NMR and GPC analysis. 
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The polymerization was quenched by placing the Schlenk flask in an ice bath. The 
mixtures were then passed through a short neutral alumina plug, concentrated, and 
precipitated into hexane at least two times and vacuum dried. 
3.5 CONCLUSIONS 
 A series of ferrocene-containing acrylate and methacrylate monomers were 
prepared using either simple esterification reactions or a copper catalyzed [3+2] 
cycloaddition reaction. With the exception of a triazole-containing ferrocene acrylate, all 
monomers were successfully polymerized using atom transfer radical polymerization 
(ATRP).  The kinetic studies showed the polymerization followed a controlled/“living” 
nature. Most polymers had controlled molecular weights and low polydispersity.  It was 
found the length of the linkers played a key role in the kinetics of the polymerization, as 
longer linkers between the ferrocene moiety and the vinyl ester of monomers slowed 
down polymerization. It was also found that ferrocene-containing methacrylate 
monomers exhibited much faster polymerization than the corresponding acrylate 
monomers. Optically properties of these polymers showed a structural dependence. 
Thermal properties of all homopolymers showed a tunable glass transition temperature 
depending on the length of linkers. Cyclic voltammetry studies showed reversible redox 
chemistry for the ferrocene-containing monomers, but irreversible redox chemistry for 
the corresponding polymers in dichloromethane. The irreversible redox was due to the 
limited solubility of ferrocenium polymers. The electrochemical properties were 
generally influenced by the linkers. The synthesis and characterization of ferrocene-
containing (meth)acrylate monomers and polymers in this work may pave the way to 
develop a variety of side-chain ferrocene-containing polymers with different 
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functionalities and architectures, which have the promise to regenerate new interests in 
the field of organometallic polymers. 
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4.1 ABSTRACT 
Well-defined ferrocene-containing triblock copolymers were synthesized by atom 
transfer radical polymerization and were found to self-assemble into highly ordered 
hexagonal arrays of cylinders via solvent annealing. The thin films were further used as a 
template and converted into highly ordered iron oxide nanoparticles (α-Fe2O3) by 
UV/ozonolysis and thermal pyrolysis. 
4.2 INTRODUCTION 
Ordered arrays of transition metal oxide nanoparticles with controlled size, 
spacing, and arrangement have recently received much attention due to their potential 
applications in high-density nanoelectronic technologies such as flash memory devices, 
magnetic data storage devices and catalyst sites for organized molecular wires.
1-3
 These 
technologies utilize well-ordered metal particles at the nano-level. Current “top-down” 
lithographic practices, employed by the microelectronic industry, face the escalating 
production cost as a function of decreasing feature size.  As a result of the limitations in 
current lithography, various “bottom-up” techniques are being developed to create well-
defined nanostructures on the 5-50 nm level.
4
 Block copolymer (BCP) nanolithography is 
of particular interest due to the ability of BCPs to spontaneously self-assembly into a 
variety of well-defined nanodomains including spheres, cylinders, lamellae, and 
bicontinuous gyroids in the bulk state.
5-11
 The morphology of diblock copolymers is 
dictated by three parameters including the degree of polymerization (N), the volume 
fraction of each block (ƒ), and the Flory-Huggins interaction parameter (χ).
12-14
 
Self-assembly of BCPs in thin films are affected by 2D confinement as well as 
substrate/polymer and polymer/surface interactions. There are several strategies to 
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prepare highly ordered BCP films including topographical or chemical graphoepitaxy, the 
use of external forces such as electrical field, magnetic field, directional solidification, 
and solvent annealing.
15-19
  Directional solvent evaporation, in which the oriented growth 
and positions of microdomains are controlled by the rate and directionality of solvent 
evaporation, is a simple and fast way to produce ordered nanostructures. Russell group 
utilized diblock copolymer poly(ethylene oxide)-b-polystyrene (PEO-b-PS) to obtain the 
long-range order of nearly defect-free perpendicular cylinders by solvent annealing in a 
high humidity atmosphere.
17, 20-22
 By combining long-range order obtained from the 
PEO-b-PS diblock copolymer with the photodegradability of poly(methyl methacrylate) 
(PMMA), thin films of triblock copolymer PEO-b-PMMA-b-PS were demonstrated to 
form highly ordered arrays of nanopores by solvent annealing and subsequent etching.
23
  
Many other block copolymers based on PEO and PS have been also developed to form 
ordered arrays of nanodomains.
24-30
 
Arrays of transition metal oxide nanoparticles have been prepared using a wide 
variety of techniques including deposition of metal nanoparticles, evaporation of thin 
metal films, and degradation of organometallic BCPs.
31-34
 These methods have shown to 
be effective in producing metal nanoparticles with controllable size; however, many of 
these systems are not capable of achieving long-range order. To address this issue, a few 
groups utilized diblock copolymer polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP) to 
form ordered thin films of perpendicular, hexagonal cylinders by solvent annealing.
35, 36
 
Upon complexation of a metal precursor through electrostatic interactions between an 
iron complex and the protonated nitrogen of P4VP, the metal center could be spatially 
positioned into the minor domain.  Similarly, diblock copolymer PEO-b-PS was used to 
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create a highly ordered nanoporous film after self-assembly and a surface reconstruction 
process.
37
  A solution containing iron nitrate was then spin coated onto the nanoporous 
film, essentially filling the pores with the metal complex.  Upon pyrolysis or oxygen 
plasma treatment to remove organic matter, iron oxide nanoparticles were deposited onto 
the substrate. 
Herein, we report a method to fabricate highly ordered arrays of iron oxide 
nanoparticles through self-assembly of organometallic triblock copolymer poly(ethylene 
oxide)-b-poly(2-(methacryloyloxy)ethyl ferrocenecarboxylate)-b-polystyrene (PEO-b-
PMAEFc-b-PS), as shown in Scheme 4.1.  Different from main-chain poly(ferrocenyl 
silane)-based polymer systems,
33, 34
 there is no silicon atom present in the block 
containing the ferrocene in our system. Thus, upon removal of the organic compounds, 
pure iron oxide could be obtained, instead of a mixture of silicon and iron oxides from 
the poly(ferrocenyl silane) systems. Since the metallocene moiety is covalently bonded to 
the side-chain of the middle block, the metallic precursor is automatically positioned into 
the cylindrical domain upon self-assembly. This approach bypasses the metal 
complexation and/or surface modification steps as reported in other studies.
35, 36, 37
  
Furthermore, by chemically attaching the metal precursor into BCPs, it could preclude 
metal residues to diffuse out of cylindrical domains or to stay on top of films. In addition, 
ferrocene is expected to uniformly distribute within each cylinder, which could translate 
into iron oxide nanoparticles with uniform size after removal of organic materials. 
 




4.3 RESULTS AND DISCUSSION 
Triblock copolymer PEO-b-PMAEFc-b-PS was prepared using atom transfer 
radical polymerization (ATRP) as outlined in Figure 4.1 and detailed in the experimental 
section.  Briefly, a monofunctional PEO ATRP macroinitiator (1) was used for chain 
extension with ferrocene-containing monomer MAEFc  to give diblock copolymer PEO-
b-PMAEFc (2), which was then chain extended with styrene, resulting in triblock 
copolymer PEO-b-PMAEFc-b-PS (3a-c). Upon chain extension with MAEFc, signature 
peaks appeared between between 4.0-4.8 ppm in the 
1
H NMR (Figure 4.4), attributed to 
the cylopentadienyl protons and the methylene protons in side chain.
38
  Upon further 
chain extension with styrene, characteristic peaks between 6.1-7.4 ppm from phenyl 
protons appeared. Three separate chain extensions with styrene were preformed from the 
same diblock copolymer PEO-b-PMAEFc (2) in order to find the appropriate 
compositions (Table 4.1) that would lead to highly ordered hexagonal arrays of cylinders. 
Monomodal traces with increase in molecular weight were obtained for each sequential 
chain extension (Figure 4.1).  The relative degree of polymerization and molecular 
weight of each block was determined using 
1
H NMR based on the known molecular 
weight of the starting PEO block (5,000 g/mol). 
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Figure 4.1.  Synthesis of triblock copolymer PEO-b-PMAEFc-b-PS by ATRP and GPC 
overlay of PEO (1), PEO-b-PMAEFc (2), and PEO-b-PMAEFc-b-PS (3). 
 
1.5 wt% solution of triblock copolymer PEO-b-PMAEFc-b-PS (3a-c) in toluene 
was spin-coated onto cleaned silicon wafer substrates. The films (thickness ~60 nm) were 
then annealed in the presence of toluene vapour and a controlled humidity environment 
(85-90% relative humidity) to induce microphase separation and ordering. Perpendicular 
hexagonal arrays of cylinders with grain sizes of over 3 µm × 3 µm were obtained for 
triblock copolymer 3b (81 wt% PS) after solvent annealing for 12 hours (Figures 4.2A 
and 4.2B). Notably, incorporation of the PMAEFc block did not disrupt the order that is 
usually observed for PEO-b-PS diblock copolymer systems. The PEO/PMAEFc domains 
have a diameter of 24 nm (without tip deconvolution) and a spacing of 45 nm, embedded 
in PS matrix. Triblock copolymers 3a (47 wt% PS) and 3c (87 wt% PS) resulted in 
disorganized morphology after annealing, as seen in Figures 4.5 and 4.6.   
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Figure 4.2.  (A,B) AFM height images of the triblock copolymer PEO-b-PMAEFc-b-PS 
(3b) film after annealing; and (C, D) AFM height images of iron oxide nanoparticles 
obtained after UV/O and pyrolysis of triblock copolymer PEO-b-PMAEFc-b-PS. 
 
The thin films were then exposed to UV/ozone (UV/O) and pyrolyzed at 1200 
o
C 
to degrade organic components and convert into iron oxide nanoparticles. Figures 4.2C 
and 2D show the AFM images of the ordered iron oxide nanoparticles. The average 
diameter and height of nanodots are 25 (±3) nm and 4.3 (±1.5) nm (Figure 4.2D, inset), 
respectively. The spacing for the nanoparticles was maintained at 45 nm, indicating the 
perseverance of ordering templated from BCP films. The ferrocene units in the cylinders 
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were converted into inorganic iron oxide and aggregated within the domains without the 
loss of ordering. 
A previous study
35
 has shown that simple UV/O treatment at room temperature to 
degrade iron oxide precursors resulted in non-crystalline iron oxides due to the 
amorphous nature of the iron oxide. Upon pyrolysis, crystalline iron oxide was obtained, 
as confirmed by both X-ray photoelectron spectroscopy (XPS) and X-ray diffraction 
(XRD). XPS was utilized to determine the chemical nature of the newly formed 
nanoparticles (Figure 4.3A and Figure 4.7).  The XPS spectra of iron oxide nanoparticles 
showed Fe(2p3/2) and Fe(2p1/2) peaks at 710.5 eV and 723.9 eV, respectively, with both 
shake-up peaks ~8 eV higher. Furthermore, the peak at 710.5 eV had a distinct shoulder 
at 709.5 eV.  The shoulder at 709.5 eV and the shake-up peak at 718.5 eV suggested the 
formation of α-Fe2O3.
39, 40
 As shown in Figure 4.3B, the XRD patterns of our 
nanoparticles showed strikingly high order peaks at 2θ = 24.1°, 33.2°, 35.6°, 40.8°, 49.5°, 
54.2°, 62.4°, and 64.0°, which are consistent with the value of JCPDS card 33-0664, and 
could be indexed to the pure hexagonal phase of hematite ((012), (104), (110), (113), 
(024), (116), (214), and (300)).
41
 Our results are also in good agreement with the 




Figure 4.3.  (A) XPS and (B) XRD spectra of iron oxide nanoparticles obtained after 
UV/O and pyrolysis of triblock copolymer PEO-b-PMAEFc-b-PS (3b). 
 
4.4 EXPERIMENTAL 
Materials.  All reagents were purchased from Alfa Aesar and Aldrich and used as 
received unless otherwise noted.  2-(Methacryloyloxy)ethyl ferrocenecarboxylate 
(MAEFc) and ATRP macroinitiator PEO-Br were prepared according to reported 
procedures.
46,47
  Styrene was distilled before use.  AIBN was recrystallized from diethyl 
ether before use. 
Characterization.  
1
H NMR (300 MHz) spectra were recorded on a Varian 
Mercury 300 spectrometer with tetramethylsilane (TMS) as an internal reference.  GPC 
was performed at 50
o
C on a Varian system equipped with a Varian 356-LC refractive 
index detector and a Prostar 210 pump.  The columns were STYRAGEL HR1, HR2 (300 
× 7.5 mm) from Waters.  HPLC grade DMF was used as eluent with 0.01 wt% LiBr at a 
flow rate of 0.8 mL/min.  Polystyrene standards were used for calibration.  Atomic force 
microscopy (AFM) was conducted on a Nanoscope V Multimode instrument, operating 
under tapping mode.  1.5 weight % solutions of the block copolymers in toluene were 
spin-coated onto cleaned silicon wafers.  X-ray photoelectron spectroscopy (XPS) 
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measurements were conducted using a Kratos AXIS Ultra DLD XPS system equipped 
with a monochromatic Al K
+
 source.  The energy scale of the system was calibrated using 
Au foil with Au4f scanned for the Al radiation and Cu foil with Cu2p scanned for Mg 
radiation resulting in a difference of 1081.70 ± 0.025 eV between these two peaks.  The 
binding energy was calibrated using an Ag foil with Ag3d5/2 set at 368.21 ± 0.025 eV for 
the monochromatic Al X-ray source.  The monochromatic Al K
+
 source was operated at 
15 keV and 120 W.  The pass energy was fixed at 40 eV for the detailed scans.  A charge 
neutralizer (CN) was used to compensate for the surface charge.  Samples were not 
conductive and C1s was used as the peak reference.  The binding energy (BE eV) was 
corrected with the C1s (284.6 eV) as standard.  X-ray diffraction (XRD) measurements 
were conducted on a Rigaku D/Max 2100 Powder X-Ray Diffractometer (Cu K
+
 
radiation) instrument and scanned from 10º to 85º with a step size of 0.005º and a step 
rate of 6 s. 
Synthesis of diblock copolymer Poly(ethylene oxide)-b-poly(2-
(methacryloyloxy)ethyl ferrocenecarboxylate) (PEO-b-PMAEFc-Br).  PEO-Br (1.00 
g, 0.20 mmol), MAEFc (4.12 g, 12.01 mmol), Cu(I)Br (34.3 mg, 0.23 mmol), bpy (75.0 
mg, 0.48 mmol) were added to a to a 50-mL Schlenk flask and degassed by purging with 
nitrogen.  Distilled toluene (20 mL) was added to a 50 mL round bottom flask and 
degassed by bubbling the solution with nitrogen gas for 30 min.  The toluene was then 
transferred to the schlenk line flask and the mixture was further degassed by nitrogen 
bubbling for 5 min.  The reaction was stirred at room temperature for 15 min before the 
flask was placed in an oil bath preheated to 90 
o
C.  An initial sample was taken in order 
to accurately determine the reaction conversion by 
1
H NMR.  Samples were periodically 
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taken over the course of the polymerization to determine percent conversion by 
1
H NMR.  
The polymerization was quenched when it reached 40% conversion by placing the 
Schlenk flask in an ice bath.  The mixture was diluted with THF and passed through a 
short neutral alumina plug, concentrated, precipitated into diethyl ether three times and 
vacuum dried at room temperature overnight.  The degree of polymerization was 
determined to be 25 by 
1
H NMR analysis. MWPMAEFc=8300.  MWPEO-b-PMAEFc=13300.  
Yield = 2.3 g.  
1
H NMR (CD2Cl2),  (TMS, ppm): 4.19-4.82 (m, 325 H, C5H5-Fe-C5H4-
C(=O)OCH2CH2), 3.63 (s, 452 H, -OCH2CH2-), 0.8-2.2 (m, 75 H, -CH2-C(CH3)).  GPC: 
Mn = 12600, PDI = 1.17. 
Poly(ethylene oxide)-b-poly(2-(methacryloyloxy)ethyl ferrocenecarboxylate)-
b-poly(styrene) (PEO-b-PMAEFc-b-PS) by ATRP.  PEO-b-PMAEFc-Br (1 eq.) and 
Cu(I)Br (0.1 eq) were placed in a 10 mL schlenk line flask and purged with nitrogen for 
20 minutes.  Styrene (s eq.), PMDETA (1.2 eq), and 2 mL toluene were added to a 5 mL 
pearl shaped flask and degassed nitrogen bubbling for 20 minutes.  The monomer, ligand, 
and solvent were then transferred to the schlenk line flask and further degassed by 
nitrogen bubbling for 5 minutes.  The reaction was stirred at room temperature for 15 min 
before the flask was placed in an oil bath preheated to 90 
o
C.  An initial sample was taken 
in order to accurately determine the reaction conversion by 
1
H NMR.  Samples were 
periodically taken over the course of the polymerization to determine percent conversion 
by 
1
H NMR.  The polymerization was quenched when it reached 80% conversion by 
placing the Schlenk flask in an ice bath.  The mixture was precipitated into methanol 
three times and vacuum dried at room temperature overnight.  The degree of 
polymerization was determined by 
1
H NMR analysis.  
1
H NMR (CD2Cl2),  (TMS, ppm): 
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6.30-7.20 (m, PS Ph), (4.19-4.82 (m, C5H5-Fe-C5H4-C(=O)OCH2CH2), 3.63 (s, -
OCH2CH2-), 0.8-2.2 (m, PMAEFc CH2C(CH3) and PS CH2-CH).   
Preparation of Thin Films.  The triblock copolymers were spin coated from 
1.5wt% toluene solution onto silicon wafer substrates. The thin films were then solvent 
annealed under controlled humidity as reported earlier.
48,49
  The films were annealed for 
12h under saturated toluene vapor supplied by a neighboring solvent reservoir in a sealed 
chamber. After the solvent annealing process, selected films were treated by 
UV/Ozonolysis for 2 h and further pyrolysis at 1200 ºC for 20 min.  

































































Figure 4.4.  
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3a 12100 25400 47.6% 1.42 Disordered 
3b 56000 69300 80.8% 1.39 Cylindrical 










Figure 4.5.  AFM image (height) of triblock copolymer 3a. 
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Figure 4.6. AFM image (height) of triblock copolymer 3c. 
 











Binding Energy (eV)  
Figure 4.7.  XPS spectrum of iron oxide nanoparticles after UV/O and pyrolysis of 
triblock copolymer PEO-b-PMAEFc-b-PS (3b). 
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Table 4.2. XRD comparison (peak positions in degree) between our iron oxide 
nanoparticles and reported α-Fe2O3. 
 

















In conclusion, well-defined ferrocene-containing triblock copolymers were 
prepared by sequential ATRP. We utilized solvent annealing with controlled humidity to 
obtain highly ordered hexagonal arrays of cylinders of block copolymers in thin films, 
which were furthered used as templates to prepare ordered iron oxide nanoparticles after 
UV/ozonolyis and pyrolysis. XPS and XRD characterizations indicated the formation of 
α-Fe2O3 nanoparticles.  This process should be easily expanded to other metal-containing 
block copolymers, which is an area of future exploration. 
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5.1 ABSTRACT 
We report a new generation of nanodielectric energy storage materials based on 
supramolecular block copolymers.  In our approach, highly polarizable, conducting 
nanodomains are embedded within an insulating matrix through block copolymer 
microphase separation. An applied electric field leads to electronic polarization of the 
conducting domains. The high interfacial area of microphase-separated domains 
amplifies the polarization, leading to high dielectric permittivity.  Specifically, reversible 
addition fragmentation transfer (RAFT) polymerization was used to prepare block 
copolymers with poly(methyl acrylate) (PMA) as the insulating segment and a strongly 
acidic dopant moiety, poly-(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPSA), 
as the basis for the conducting segment. The PAMPSA block was complexed with an 
oligoaniline trimer to form a dopant-conjugated moiety complex that is electronically 
conductive after oxidation.  For the undoped neat block copolymers, the increase of the 
PMA block length leads to a transition in dielectric properties from ionic conductor to 
dielectric capacitor with polarization resulting from migration of protons within the 
isolated PAMPSA domains.  The oligoaniline-doped copolymers show remarkably 
different dielectric properties.  At frequencies above 200 kHz, they exhibit characteristics 
of dielectric capacitors with much higher permittivity and lower dielectric loss than the 
corresponding undoped copolymers.   
5.1 INTRODUCTION 
High performance dielectric materials have attracted tremendous attention due to 
their applications throughout such industries as telecommunications, computing, test and 
measurement, defense, and aerospace.
1-4
 In particular, there is much demand for the 
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development of pulse power, which requires accumulating much energy over a relatively 
long period of time and releasing it very quickly thus increasing the available 
instantaneous power.
5, 6
 Many of these applications require the use of large capacitors 
with high energy density and low dissipation. High energy density dielectric capacitors 
would help to reduce the volume, weight, and cost of the electric power system. To 
achieve this, Equation (1) indicates that both high permittivity (εr) and high dielectric 
breakdown field strength (Vbd) are extremely important to volumetric energy density Umax 
(ε0 is the permittivity of vacuum).
3
  
Umax =0.5ε0 εr Vbd
2
        (1) 
Traditionally, ceramic capacitors are used for pulse power applications due to 
their thermal stability and high dielectric constant of ceramic materials such as barium 
titanate, lead magnesium niobate and lead titanate.
7, 8
 However, due to low dielectric 
breakdown field strength, these materials usually exhibit low energy density. An 
alternative is the use of polymer materials since many polymers used in dielectric 
capacitors have high dielectric breakdown field strength (e.g. BOPP with Vbd = 700 
MV/m).
9, 10
 However, most of these polymers have low dielectric constant (εr = 2-5). 
Poly(vinylidene fluoride) (PVDF) and its random copolymers are more attractive 
materials due to their higher dielectric constant (εr = 10–20) and high breakdown 
strength.
7, 11-18
 However, high dielectric loss limits their use in high rate, high 
performance charge/discharge applications. On the other hand, with constant dielectric 
plasmon energy ( p , dictated by number of effective valence electrons, which is nearly 
constant), any increase of permittivity would reduce polymer bandgap (Eg) (Equation 
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(2)), which increases free charge carrier concentration and eventually induces current 
leakage and dielectric loss.  
εr=[1+
2)/( gp E ]/ε0      (2) 
An intuitive strategy is to mix both ceramic and polymeric materials as 
heterogeneous composites.
19-27
 However, poor compatibility between the organic 
polymer matrix and inorganic fillers leads to aggregation and defects, ultimately resulting 
in leakage and high dielectric loss.
28
 Compared with organic-inorganic composites, all-
organic dielectric composite materials have advantages of facile processability, light 
weight and probably low cost. Common all-organic composite approaches involve the 
use of high dielectric constant organic particulates embedded in a polymer matrix.
29-35
  
Similar to the organic-inorganic composite approach, a potential problem facing simple 
blends of organic particulates and polymer matrix is the tendency of undesirable 
macrophase separation. 
π-conjugated macromolecules including oligoaniline (OANI)
36-39
 and polyaniline 
(PANI)
30-32, 35
 have previously been used as conductive fillers in polymers.
29, 33, 34, 40, 41
 
Conducting PANI particles have been used as high dielectric constant fillers to prepare 
all-organic dielectric composites.
30, 31
 The PANI particles can be physically dispersed in a 
matrix polymer, which shows an impressive increase in dielectric constant. However, 
PANI particulates have low solubility and a highly brittle nature, resulting in poor 
compatibility with the polymer matrix.  Recently, oligomer aniline (or oligoaniline, 
OANI) has been grafted onto chain ends of a polymer.
42
 This approach showed a large 
enhancement in the dielectric constants.  However, because the OANI was confined at 
the polymer chain ends, there was limited control over the compositions of the polymers.  
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Scheme 5.1. Nanodielectric materials using microphase-separated block copolymers 
consisting of an insulating poly(methyl acrylate)  matrix, and  dispersed and conductive 
domains formed via ionic interactions between poly(2-acrylamido-2-methyl-1-pro-




The goal of this work is the design of microphase-separated block copolymers 
that store energy via electronic conduction and interfacial polarization. These materials 
are constructed by spontaneous microphase separation that forms dispersed and 
conductive nanoscale domains embedded in an insulating polymeric matrix. These all-
organic nanostructures are expected to achieve full interfacial compatibility and high 
interfacial areas. One block (blue) forms nanodomains with high electronic conductivity, 
while the other block (red) insulates the conductive domains to prevent percolation and to 
minimize inter-domain conduction (Scheme 5.1).  Under an external electric field, 
electronic conduction will induce “nanodipoles” along the phase boundary due to space 
charge accumulation at the domain interfaces. The nanoscale size of phase-separated 
domains greatly amplifies the interfacial area per unit volume, resulting in dielectric 
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materials with energy storage dominated by internal interfacial polarization. Dielectric 
properties can be tailored by manipulation of chemical structures and molecular 
compositions of block copolymers.  
Herein we report our initial findings on the preparation and characterization of the 
first nanodielectric materials based on oligoaniline-containing supramolecular block 
copolymers.  Because of the high conductivity of aniline segments along with the ease in  
processability and tunability of block copolymers, we prepared block copolymers with a 
highly insulating segment (poly(methyl acrylate)) and a segment containing a strongly 
acidic dopant moiety (poly-(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPSA)) 
that actively interacts with OANI, forming a dopant-conjugated moiety complex. The 
OANI-containing block copolymers are expected to produce phase-separated 
microdomains, in which highly polarizable and conductive OANI-containing domains are 
dispersed in an insulating PMA matrix.  
5.3 RESULTS AND DISCUSSION 
As shown in Scheme 5.2, block copolymers poly(2-acrylamido-2-
methylpropanesulfonic acid)-b-poly(methyl acrylate) (PAMPSA-b-PMA)  were 
synthesized by reversible addition fragmentation transfer (RAFT) polymerization using 
cumyl dithiobenzoate (CDB) as the transfer agent.
43, 44
 Briefly, PAMPSA was 
synthesized by reacting AMPSA, CDB and azobisisobutyronitrile (AIBN) in methanol at 
65 
o
C.  The obtained PAMPSA (1) was then used as a macroinitiator to chain-extend with 
methyl acrylate in the presence of AIBN and methanol at 65 
o
C. The same PAMPSA 
macroinitiator was used to prepare a series of diblock copolymers PAMPSA-b-PMA (2-
4), in which the molecular weight of the PMA block was varied in order to target various 
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morphologies. Spherical and cylindrical morphologies were of particular interest, as the 
OANI-containing nanodomains would be well isolated from each other in order to 
prevent the formation of a conductive percolation pathway.    
Figure 5.1A shows the proton NMR spectrum of homopolymer 1. The degree of 
polymerization (DP) of homopolymer 1 was calculated from the 
1
H NMR end group 
analysis by comparing the integration between the phenyl end group (7.1-7.6 ppm) and 
the -CH- group from the polymer backbone (1.6-2.1 ppm) of PAMPSA.  The block 
lengths of diblock copolymers 2-4 were determined by comparing the integration values 
from the -CH- of the polymer backbone (2.4-2.6 ppm) with the backbone -CH2- and 
methyl protons from PMA (1.4-2.1 ppm) after chain extension with methyl acrylate 
(Figure 5.1B). As shown in Figure 5.1C, Gel Permeation Chromatography (GPC) traces 
of polymers 1-4 showed clear shift from macroinitiators to block copolymers. 
Monomodal traces indicated that all macroinitiators participated in the chain extension 
reaction. Characterization results for polymers 1-4 are listed in Table 5.1. The thermal 
properties of polymers 1-4 were characterized using Differential Scanning Calorimetry 
(DSC) and Thermogravimetric Analysis (TGA). Homopolymer 1 showed a glass 
transition temperature (Tg) at 92 
o





C, corresponding to PAMPSA and PMA, respectively (Figure 5.5). TGA 
studies showed that all polymers were stable up to 150 
o
C (with 5% weight loss, Figure 
5.6).   
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Figure 5.1. (A) and (B)  
1
H NMR spectra of homopolymer PAMPSA (1) in D2O and 























1 48 - 9900 - 1.18 
2 48 392 43600 77.24 1.21 
3 48 785 77400 87.17 1.30 
4 48 1927 175600 94.34 1.42 
 
A hydroxy-terminated oligoaniline trimer (OANI-OH) was prepared by reacting 
N-phenyl-p-phenylenediamine with hydroquinone in the presence of zinc chloride at 180 
o
C followed by refluxing in HCl solution. The resulting mixture was filtered and the 
solids were stirred in a 1M NH4OH solution with hydrazine hydrate to reduce any 




C NMR, Figures 5.7 and 5.8). 
The oxidation states of OANI-OH were investigated by UV-vis spectroscopy. In the fully 
reduced state, only one absorption peak around 310 nm was observed. This peak has been 
attributed to the π- π* transition of the benzenoid ring.  As a model study, OANI-OH in 
N, N’-dimethylformamide (DMF) was oxidized by addition of ammonium persulfate in 1 
M HCl. As the oxidation takes place, two peaks appear at 397 nm and 572 nm. The peak 
at 572 nm is attributed to charge transfer from the benzenoid ring to the quinoid ring 
(Scheme 5.3).
45-49
 Upon further oxidation, the intensity of these two peaks increase while 
the π- π* transition peak decreases in intensity and shifts from 310 nm to 301 nm. The 
final oxidative state of OANI-OH as prepared by ammonium persulfate in 1 M HCl is 
shown in Figure 5.2A. 
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Figure 5.2.  UV/Vis spectra of OANI-OH oxidized by: (A) (NH4)2S2O8 in 1 M HCl; (B) 
(NH4)2S2O8 in AMPSA; and (C) (NH4)2S2O8 in block copolymer. 
 
OANI-OH oxidation was then performed by addition of ammonium persulfate in 
the presence of 1 eq. 2-acrylamido-2-methylpropanesulfonic acid (AMPSA). The 
oxidation showed a transition of the π- π* transition peak of the benzenoid ring from 310 
nm to a less intense peak around 298 nm. Also, the appearance of a peak around 555 nm 
was observed (Figure 5.2B). It has been previously shown that PANI in the emeraldine 
state can complex with side-chain PAMPSA by electrostatic interactions between the 
imine groups from the PANI and the sulfonic acid groups of the PAMPSA.
43, 44
 In order 
to complex polymers 2-4 with OANI-OH, the polymers were first dissolved in DMF 
before OANI-OH (1 eq. per SO3H unit) was added. Once the polymer and OANI-OH 
were dissolved, ammonium persulfate was added in order to oxidize the OANI. The 
solutions were stirred at 70 
o
C for 48 hours. UV-Vis spectra of the oxidation of OANI-
OH in the presence of polymer 2 are shown in Figure 5.2C. It should be noted that the π- 
104 
π* peak transitioned from 310 to 300 nm and there was appearance of a peak around 560 
nm, indicating complexation of the OANI-OH to the side-chain sulfonic acid moiety. 
Finally, the solutions were dialyzed against deionized H2O in order to remove any 
residual salts. Complete UV-Vis spectra of polymers 2-4 before and after dialysis against 
water are shown in the supporting information (Figures 5.9).  It should be noted that the 
peaks at 300 and 560 nm remain after dialysis, indicating that the OANI complexation 
with the side-chain sulfonic acid moiety was preserved after the removal of salts. 
The dielectric properties of the undoped PAMPSA-b-PMA block copolymers as 
well as the copolymers doped with OANI and oxidized with ammonium persulfate were 
characterized.  Figure 5.3A shows the relative permittivity for undoped block copolymers 
2-4 with different PMA block length. Undoped copolymer 2 (containing 23 wt% 
PAMPSA) has a high relative permittivity at low frequencies, but the permittivity 
decreases considerably with increasing frequency. The shape of the permittivity curve for 
copolymer 2, specifically the significant polarization relaxation (permittivity decrease) at 
intermediate frequencies, suggests Maxwell-Wagner interfacial polarization associated 
with buildup of space charge at domain boundaries.
40
  The high polarization at low 
frequencies results from the high concentration of sulfonic acid protons from the 
PAMPSA block which migrate and accumulate at internal domain boundaries.  Higher 
frequencies permit less migration and thus result in lower polarization. Copolymers 3 and 
4 show qualitatively different behavior, as relative permittivity values are much lower 
than that of copolymer 2, and nearly independent of frequency below 200 kHz 
(copolymer 3) and 10 MHz (copolymer 4).  Clearly, the permittivity values decrease with 
the decrease of PAMPSA wt% due to the reduced number of protons available for 
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polarization. The difference in the frequency dependence, however, could be due to a 
difference in copolymer domain structure and morphology. If the PAMPSA domains in 
copolymers 3 and 4 are smaller and more isolated (most likely spherical morphology), 
then one might expect polarization to be saturated across a wide frequency range as seen 
in Figure 5.3A. With the decrease of domain size (from copolymer 3 to 4, or from 13 to 6 
wt% PAMPSA), relaxation of interfacial polarization would be expected to move to 
higher frequency. 






















































Figure 5.3. Relative permittivity versus frequency for (A) undoped PAMPSA-b-PMA 
block copolymers and (B) OANI-doped PAMPSA-b-PMA block copolymers after the 
removal of salts. 
 
Figure 5.3B shows the relative permittivity of copolymers 2-4 doped with OANI, 
oxidized with ammonium persulfate and then dialyzed to remove salts. Copolymer 2 
shows the greatest impact of OANI doping due to its high PAMPSA content (23 wt%).  
At frequencies below 200 kHz, doped copolymer 2 has much lower relative permittivity 
than undoped copolymer 2, likely due to the absence of sulfonic acid protons in the 
former. Below 200 kHz, doping decreases the permittivity of copolymer 3 by 10-20% 
compared to the undoped state, but it increases the permittivity of copolymer 4 by 10-
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20%.  These subtle changes probably result from a combination of different factors 
(sulfonic acid protons, conjugation, etc.).  At frequencies greater than 500 kHz, the doped 
form of copolymers 2-4 all have significantly higher permittivity values than the 
corresponding undoped polymers. The change is greatest for copolymer 3 which has a 
PAMPSA-OANI content (13 wt% PAMPSA) between those of copolymers 2 and 4.  This 
suggests that the OANI-doped PAMPSA domains are primarily responsible for the higher 
permittivity values at high frequencies.  We believe this confirms the synthesis of all-
organic nanodielectric materials based on electronically-conducting microdomains. 
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Figure 5.4. Loss tangent (dielectric loss) versus frequency for (A) undoped PAMPSA-b-
PMA block copolymers and (B) OANI-doped PAMPSA-b-PMA block copolymers after 
the removal of salts. 
 
As shown in Figure 5.4A, the loss tangents of undoped PAMPSA-b-PMA block 
copolymers 2-4 increase significantly as the PMA block length decreases (PAMPSA wt% 
increases). For copolymer 2, the loss tangent is above 0.5 at all frequencies and rises 
sharply above 100 kHz, indicating that this material behaves more like a conductor than a 
capacitor. This is seen more clearly in Figure 5.11A showing the specific conductivities 
of these materials. In contrast, copolymers 3 and 4 have loss tangents below 0.2 up to 
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about 100 kHz and 1.5 MHz, respectively. These materials behave more like capacitors at 
low frequencies, although the polarization produced by ionic migration results in 
significant dielectric loss. Dielectric losses at high frequencies may be due to molecular 
relaxation processes activated by the applied field interacting with the PAMPSA anion. 
This hypothesis is supported by the observation that loss tangent increases sharply with 
PAMPSA wt% at frequencies above 100 kHz. 
The dielectric loss shows much different behavior for the OANI-doped 
copolymers (Figure 5.4B).  The loss tangent of doped copolymer 2 is much less than that 
of the undoped material at all frequencies. Likewise, for frequencies greater than 100 
kHz, doped copolymer 3 also shows a dramatic decrease in loss tangent compared to 
undoped copolymer 3. Unlike the undoped materials, the doped copolymers 2 and 3 
behave like capacitors at frequencies up to more than 1 Mz. These results are likely 
explained by the absence of sulfonic acid protons in the doped materials. Additional 
corroboration can be found in the specific conductivity data for the doped copolymers 
(Figure 5.11B). OANI doping significantly reduces the conductivities of copolymers 2 
and 3 compared to the respective undoped materials for frequencies greater than 100 kHz. 
On the other hand, Figure 5.4B shows negligible difference in the loss tangents for 
undoped and doped copolymers 4, probably due to very low content of PAMPSA (and 
OANI) (6 wt% PAMPSA).  Overall, the significant change in permittivity and loss 
tangent between undoped and doped copolymers 2 and 3 suggests that the presence of 
isolated, conjugated domains in the OANI-doped copolymers leads to different 
polarization and loss mechanisms that dominate at high frequencies. 
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It should be worthy to note that without the dialysis to remove ammonium 
persulfate salts, the dielectric properties of doped block copolymers exhibit contribution 
from the salts. Compared to doped block copolymers without salts, the existence of salts 
results in significant increase of both relative permittivity and loss tangent, particularly at 
lower frequencies (Figure 5.10). This suggests that low frequency polarization in the 
OANI-doped materials might be due to ionic migration of the persulfate salt with charge 
accumulation at domain boundaries. 
5.4 EXPERIMENTAL 
Materials.  All reagents were purchased from Alfa Aesar and Aldrich and used as 
received unless otherwise noted.  Methyl acrylate was distilled before use.  Hydroquinone 
was recrystallized from toluene before use.  Cumyl dithiobenzoate was prepared 





H NMR (300 MHz) and 
13
C NMR (100 MHz) spectra were 
recorded on a Varian Mercury 300 spectrometer with tetramethylsilane (TMS) as an 
internal reference. GPC was performed at 50
o
C on a Varian system equipped with a 
Varian 356-LC refractive index detector and a Prostar 210 pump.  The columns were 
STYRAGEL HR1, HR2 (300 × 7.5 mm) from Waters.  HPLC grade DMF was used as 
eluent with 0.01 wt% LiBr at a flow rate of 0.8 mL/min.  Polystyrene standards were 
used for calibration.  Mass spectrometry was conducted on a Waters Micromass Q-Tof 
mass spectrometer, and the ionization source was positive ion electrospray.  UV-vis was 
carried out on a Shimadzu UV-2450 spectrophotometer with a 10.00-mm quartz cuvette 
using dimethylformamide (DMF) as solvent and monochromatic light of various 
wavelengths over a range of 190-900 nm.  FTIR spectra were recorded on a PerkinElmer 
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Spectrum 100 FTIR spectrometer equipped with a Universal ATR sampling accessory.  
Thermal transitions of the polymers were recorded using DSC on a TA Instruments 
Q2000 in a temperature range from -70 to 150 
o
C at heating and cooling rates of 10 
o
C/min under constant nitrogen flow at a rate of 50 mL/min.  Samples (between 3-8 mg) 
were added to aluminum hermetic pans and sealed.  The data were collected on the 
second heating run.  TGA was conducted on a TA Instruments Q5000 using a heating 
rate of 10 
o
C/min from 40 to 1000 
o
C under constant nitrogen flow. 
Dielectric Properties.  Polymer samples were dissolved in dimethylformamide 
(DMF) at concentrations of 0.168 g/mL (undoped copolymers) or 0.034 g/mL (doped, 
washed copolymers) and poured into aluminum pans. The solvent was removed by 
evaporation at 70°C under reduced pressure (125 mm Hg absolute) for 24 h. This 
temperature and pressure accelerated the evaporation of DMF (153°C normal boiling 
point) without producing solvent bubbles. After solvent evaporation, all films were 
annealed at 120°C in air for 24 h and then cooled for another 24 h.  For copolymers 2-4 
listed in Table 5.1, these procedures resulted in films with uniform thickness and free of 
bubbles, cracks, or other defects. Film thicknesses were measured at multiple positions 
with a micrometer; measured thicknesses ranged from 4 to 30 µm.   
Strips of aluminum pan bearing copolymer films were cut using scissors; the 
aluminum pan served as the bottom electrode for dielectric measurements. Circular gold 
electrodes (area 1.13 cm
2
) were deposited on the films’ top surface by sputter coating in 
an argon atmosphere through a shadow mask.   









Measurements were carried out on 3-5 specimens of each sample to ensure 
reproducibility. For measurements in “impedance” mode, the data were interpreted using 
a parallel RC circuit model expected to describe a “leaky” capacitor.
55
 Specifically, 
measured values of impedance magnitude |Z| and phase angle θ lead to the real and 
complex parts of the relative permittivity given by
56
 
   
where f is frequency in Hz, C0 = e0A t , and A and t are the film area and 
thickness.  The loss tangent [tan(δ), also called the dielectric loss], is defined as  
 
The impedance analyzer was also used in “conductivity” mode to directly 
measure conductivity, which was multiplied by A/t to give specific conductivity values. 
Synthesis of Block Copolymer PAMPSA-b-PMA.  Cumyl dithiobenzoate (0.33 
g, 1.21 mmol), 2-acrylamido-2-methylpropanesulfonic acid (25.00 g, 120.77 mmol), 
AIBN (0.02 g, 0.12 mmol), and 50 mL dry methanol were added to a 100 mL schlenk 
line flask and degassed by 5 cycles of freeze-pump-thaw.  An initial sample was taken 
before the flask was submerged in a 65
o
C oil bath.  Samples were periodically taken to 
monitor conversion by 
1
H NMR.  When conversion reached ~50%, the reaction flask was 
cooled by liquid nitrogen and diluted with methanol.  The solution was dialyzed against 
methanol to remove any unreacted monomer.  Homopolymer 1 was collected and 
vacuum dried, resulting in a pink powder.  The degree of polymerization was determined 
using 
1
H NMR by comparing the phenyl groups of the RAFT end group with the -CH- 
signal from the polymer backbone (1.6-2.1 ppm) (DP = 48, MW = 9936).  To prepare 
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block copolymers 2-4, homopolymer 1 was used as a macroinitiator.  In a typical chain 
extension, PAMPSA, methyl acrylate, AIBN, dry methanol, and distilled anisole were 
added to a schlenk line flask and degassed by 5 cycles of freeze-pump-thaw.  An initial 
sample was taken for 
1
H NMR before adding the schlenk line flask to a 65
o
C oil bath.  
The chain extension was monitored by 
1
H NMR and the reactions were quenched when 
the target percent conversion was reached by cooling in liquid nitrogen.  The reaction 
solutions were precipitated into diethyl ether and vacuum dried at room temperature.  The 
degree of polymerization of the PMA block was calculated from 
1
H NMR by comparing 
the integration of the -CH- of the polymer backbone (2.4-2.6 ppm) with the backbone -
CH2- and methyl protons from PMA (1.4-2.1 ppm) after chain extension with methyl 
acrylate with the known integration values for the homopolymer.  
1
H NMR (1, D2O, δ): 
7.1-7.8 (m, Ph from RAFT end group), 2.9-3.1 (s, CH2SO3H), 1.6-2.1 (s, CH2CH), 0.9-
1.6 (m, CH2CH).  
1
H NMR (2-4, DMSO-d6, δ):  7.1-7.8 (m, Ph from RAFT end group), 
2.9-3.1 (s, CH2SO3H), 2.0-2.4 (m, CH2CH), 1.0-1.8 (m, CH2CH, -OCH3). 
Synthesis of Hydroxy-Terminated Oligoaniline Trimer (OANI-OH).  N-
phenyl-p-phenylenediamine (50.00 g), hydroquinone (57.00 g), and zinc chloride (7.40 g) 
were added to a 500 mL reaction vessel equipped with a mechanical stirrer and 
condenser.  The reaction vessel was purged with nitrogen and heated to 180
o
C and stirred 
for 5 hours.  The reaction vessel was cooled to 60
o
C before 1M HCl (300 mL) was added.  
The reaction was then heated and allowed to reflux for 3 hours.  The suspension was then 
filtered and washed with deionized water.  The solids were collected and stirred in a 
solution of hydrazine hydrate in 1M ammonium hydroxide for 15 hours.  The mixture 
was filtered and washed with deionized water.  The solids were collected and 
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recrystallized from toluene 3-5 times.  The product was collected, vacuum dried, and 
analyzed by 
1
H NMR (Figure 5.7), 
13
C NMR (Figure 5.8), FT-IR, UV-Vis, and mass 
spectometry.  
1
H NMR (1, DMSO-d6, δ): 8.91 (s, 1H, -OH), 7.65 (s, 1H, -NH-), 7.48 (s, 
1H, -NH-), 6.5-7.3 (m, 13H, Ph). 
13
C NMR (DMSO-d6, δ ):  151.65, 146.10, 140.18, 
136.19, 134.65, 129.49, 121.41, 120.10, 118.14, 116.91, 116.14, 114.79. FTIR (cm
-1
):  
3367, 3024, 1600, 1509, 1451, 1300, 1219, 819.  MS (EI), m/z calcd for C18H16N2O: 
276.16; found: 276.  
 
Scheme 5.2. Synthesis of block copolymer poly(2-acrylamido-2-methyl-1-pro-


























Figure 5.5.  DSC overlay of polymers 1-4. 
 
 




















Figure 5.6.  TGA overlay of polymers 2-4. 
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Figure 5.7.  
1
H NMR spectrum of OANI-OH in DMSO-d6. 
 
 







Figure 5.8.  
13



















































Figure 5.9.  UV/Vis spectra of OANI-containing block copolymers: (A) before washing 
away ammonium persulfate salts; (B) after washing away ammonium persulfate salts. 
 












































Figure 5.10. (A) Relative permittivity versus frequency; and (B) Loss tangent (dielectric 
loss) versus frequency for OANI-doped PAMPSA-b-PMA block copolymers without 
washing away ammonium persulfate salts. 
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Figure 5.11. Specific conductivity versus frequency for (A) undoped PAMPSA-b-PMA 
block copolymers and (B) OANI-doped PAMPSA-b-PMA block copolymers after 
washing away ammonium persulfate salts 
 
5.5 CONCLUSION 
In summary, we prepared the first microphase-separated block copolymers as 
nanodielectric materials. Well-defined sulfonic acid-containing block copolymers 
PAMPSA-b-PMA were prepared by RAFT. These block copolymers were doped with 
oligoaniline. Undoped block copolymers and doped supramolecular block copolymers 
were further evaluated for their dielectric properties. Compared with undoped neat block 
copolymers, oligioaniline-doped supramolecular block copolymers exhibited higher 
permittivity and much lower dielectric loss, indicating dominant interfacial polarization 
at the microphase domains.  
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6.1 ABSTRACT 
We report a simple and low-cost strategy to enhance the dielectric permittivity of 
polystyrene by up to an order of magnitude via incorporating an oligoaniline trimer 
moiety at the end of the polymer chains.  The oligoaniline-capped polystyrene was 
prepared by a copper-catalyzed click reaction between azide-capped polystyrene and an 
alkyne-containing aniline trimer, which was doped by different acids. By controlling 
molecular weight of polystyrene, the end-capped polymers can be induced to form 
nanoscale oligoaniline-rich domains embedded in an insulating matrix.  Under an 
external electric field, this led to an increase in dielectric polarizability while maintaining 
a low dielectric loss.  At frequencies as high as 0.1 MHz, the dielectric permittivity and 
dielectric loss (tan δ) were ~22.8 and ~0.02, respectively. This strategy may open a new 
avenue to increasing the dielectric permittivity of many other commodity polymers while 
maintaining relatively low dielectric loss. 
6.1 INTRODUCTION 
Dielectric polymer film-based capacitors have shown promise in applications 
including portable electronic devices, hybrid electric vehicles, pulse power devices and 
energy storage due to their light weight, low cost, and excellent processability.
1-13
 
Particularly, pulse power devices require accumulating much energy over a relatively 




Insulating commodity polymers play an important role in dielectric capacitors 
since most have very high dielectric breakdown strength, high volume availability, and 
low cost.  Among various dielectric polymers, biaxially oriented polypropylene (BOPP) 
122 
is the industrial standard polymer for fabrication of capacitors because of its high 
breakdown strength (>700 MVm
-1
) and low dielectric loss (tan δ ~0.0002 at 1 kHz).  
However, BOPP has a low dielectric permittivity (εr = 2.2), ultimately leading to low 




  Similarly, many other commodity dielectric 
polymers including polystyrene, polyethylene, polyvinyl chloride and polycarbonate have 




There is a crucial need to develop dielectric polymers with high dielectric 
permittivity while maintaining low dielectric loss. Poly(vinylidene fluoride) (PVDF) and 
its polymer derivatives have shown great promise since they have both high dielectric 
breakdown strength (500~700 MVm
-1
) and moderate permittivity (εr = 10-20 at 1.0 
KHz).
26-33
  Recent studies have focused on modifying the chemical structure of PVDF 
with bulky fluorinated comonomers to prepare random fluorinated copolymers such as 
poly((vinylidene fluoride)-r-(chlorotrifluoroethylene)) (P(VDF-CTFE)).
26, 28, 29, 33-37
  
Though these random copolymers are capable of high breakdown strength, fast energy 
discharge rates and relatively low dielectric loss (e.g. tan δ ~0.02 at 1 kHz), their 
dielectric permittivity drops sharply at high frequency.
34
 
Recently, a class of “molecular composites” has been developed, in which a 
conductive π-conjugated macromolecule is directly attached to the polymer backbone.
19, 
38-43
  Delocalization of electrons across the π-network can produce high interfacial 
polarization upon charge displacement, ultimately resulting in large dielectric responses.  
The Wang group was the first to attach oligoaniline octamer moieties to the ends of a 
ferroelectric polymer.
41
  This resulted in a “dumbbell-shaped” copolymer containing 
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terminal oligoaniline units.  The addition of 10 weight percent oligoaniline units 
increased the dielectric permittivity from 12 to 85 at 1 kHz.  However, the addition of 
more than 10 wt% aniline resulted in significant increases in dielectric loss, presumably 
due to electron conduction across the film.  Stoyanov et al. prepared a block copolymer 
in which one domain was complexed with polyaniline.
39
  While there were improvements 
in permittivity (from 2 to 8 at 1 kHz and from 2 to 7 at 1 MHz) between 1.0-1.8 wt% 
polyaniline, additions of above 2.0 wt% polyaniline resulted in abrupt increases in 
conductivity.  At this point complexation of the polyaniline with the polymer backbone 
was exhausted, and likely resulted in continuous conductive pathways across the film. 
Cui. et al. prepared a poly(ethylene oxide)-polyoligoaniline alternating copolymer that 
contained oligoaniline repeat units in the polymer main chain.
40
  The copolymer films 
showed high dielectric permittivity (εr ~ 70 at 1 MHz), but also exhibited extremely high 
dielectric loss (tan δ = 2.72). 
Clearly, chemically integrating the conductive domain into the polymer chain 
inhibits aggregation, thus reducing dielectric loss. However, the loading content of the 
conductive domain remains limited, since increases in the π-conjugated fraction 
eventually result in conductivity abruptly increasing to high levels. To address this issue, 
we have recently taken a new approach to developing dielectric materials by creating 
interfacially-dominated polymeric materials based on nanophase-separated block 
copolymers.
44
  While the minor block forms nanodomains with high dielectric 
polarizability, the majority matrix block insulates the conductive domains to avoid 
percolation and minimize inter-domain conduction.  Under an external electric field, 
electronic conduction induces nanodipoles along the phase boundary due to space charge 
124 
accumulation at the domain interfaces.  Specifically, we prepared a series of diblock 
copolymers in which the major fraction was an insulating poly(methyl acrylate) block 
while the minor fraction had a side chain containing a sulfonic acid moiety, which was 
complexed with an oligoaniline trimer through supramolecular interactions.  We 
observed both enhanced dielectric properties (εr = 11 at 1 MHz) and decreased dielectric 
loss (tan δ = 0.5 at 1 MHz) for the oligoaniline-complexed diblock copolymer compared 
to the uncomplexed diblock copolymer (εr = 5 at 1 MHz and tan δ = 2.7 at 1 MHz).  
However, this approach was limited, as the sulfonic acid on the side chain of the block 
copolymer was the only possible dopant for oligoaniline.  
In this paper, we report a new, simple, and low cost approach that could be 
generalized to enhance dielectric permittivity of many commodity polymers, which has 
not yet been considered for high performance dielectric capacitor materials.  This 
approach is based on capping the ends of polystyrene chains with oligoaniline through a 
click reaction between azide-terminated polystyrene and an alkyne-containing aniline 
trimer.  The oligoaniline is then doped with various acids, including large organic acids 
such as dodecylbenzenesulfonic acid (DBSA) and camphorsulfonic acid (CSA).  Due to 
the chemical incompatibility, it is expected that highly polar oligoaniline will self-
assemble into nanoscale domains (i.e. a few nm) dispersed in non-polar polystyrene 
matrix (Scheme 6.1).  Such highly polarizable nanodomains would make a positive 
contribution towards increasing the overall dielectric permittivity.  Indeed, we observed 
that a small fraction of oligoaniline increased the dielectric permittivity of polystyrene by 
up to an order of magnitude while the dielectric loss remained low. 
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Scheme 6.1.  Oligoaniline end-functionalized polystyrene and its contribution to 




Materials.  All reagents were purchased from Alfa Aesar and Aldrich and used as 
received unless otherwise noted.  Styrene was distilled before use.  Hydroxy-terminated 
oligoaniline trimer (OANI-OH) was prepared according to a reported procedure.
44
  






H NMR (300 MHz) and 
13
C NMR (100 MHz) spectra were 
recorded on a Varian Mercury 300 spectrometer with tetramethylsilane (TMS) as an 
internal reference.  Gel permeation chromatography (GPC) was performed at 50
o
C on a 
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Varian system equipped with a Varian 356-LC refractive index detector and a Prostar 210 
pump.  The columns were STYRAGEL HR1, HR2 (300 × 7.5 mm) from Waters.  HPLC 
grade DMF with 0.01 wt% LiBr was used as eluent at a flow rate of 1.0 mL/min.  
Polystyrene standards were used for calibration.  Mass spectrometry was carried out on a 
Waters Micromass Q-Tof mass spectrometer, with a positive ion electrospray as the 
ionization source.  UV-vis spectroscopy was carried out on a Shimadzu UV-2450 
spectrophotometer, scanning monochromatic light in the range of 190-900 nm.  A quartz 
cuvette with a path length of 10.00 mm was used, and the solvent was 
dimethylformamide (DMF). FTIR spectra were recorded on a PerkinElmer Spectrum 100 
FTIR spectrometer equipped with a Universal ATR sampling accessory.  Thermal 
transitions of the polymers were measured by differential scanning calorimetry (DSC) 
using a TA Instruments Q2000 in a temperature range from -70 to 150 
o
C at heating and 
cooling rates of 5 
o
C/min under constant nitrogen flow at a rate of 50 mL/min.  Samples 
(between 3-8 mg) were placed in aluminum hermetic pans and sealed.  The data were 
collected on the second heating run.   
Small-Angle X-ray Scattering (SAXS) data were acquired on a Bruker-AXS 
Nanostar-U instrument equipped as follows: copper rotating anode x-ray source 
(  6 KW supply 0.1 × 1 mm filaments) operated at 50 KV, 24 
mA; Montel focusing optic; collimating assembly of 3 pinholes: (1) 750 µM, (2) 400 µM, 
and (3) 1000 µM, spacing (1-to-2) 925 mm, (2-to-3) 485 mm; extended sample chamber 
with x-y stage (where the beam is the z axis), secondary beam path 1050-1060 mm; beam 
path between focusing optic and detector under vacuum (< 0.1 mBar); 2-dimensional 
detector: Hi-star, multiwire proportional chamber, 1024 × 1024 pixels; control software: 
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Bruker SAXS v. 4.1.36; detector flood-field and spatial calibrations use 55Fe source; 
sample-to-detector distance calibrated using silver behenate.  Bulk film samples were 
placed in a hole of copper spacer (1 mm thick) and then sandwiched between two sheets 
of Kapton films.  The samples were then placed in the evacuated sample chamber at room 
temperature with a typical exposure time of 20 minutes.  Data were integrated over the 
full circle of azimuthal angle values in the 2D SAXS scattering images with an increment 
of 0.01 degrees 2.  Finally, the intensity I(q) was p .  
Films for dielectric characterization were prepared by dissolving polymer samples 
in toluene (67 mg/mL) and casting in heavy-gauge aluminum pans. The solvent was 
removed by evaporation at 65°C under slightly reduced pressure (635 mm Hg absolute) 
for 24 h, producing films with uniform thickness without solvent bubbles, cracks, or other 
defects. Film thicknesses were measured at multiple positions with a micrometer; 
measured thicknesses ranged from 2 to 25 µm.  Strips of aluminum pan bearing 
copolymer films were cut using scissors; the aluminum pan served as the bottom 
electrode for dielectric measurements. Circular gold electrodes (area 1.13 cm
2
) were 
deposited on the films’ top surfaces by sputter coating in an argon atmosphere through a 
shadow mask.   
The films’ complex impedance using an impedance analyzer (Agilent model 
4192A LF).
46-48
 Measurements were carried out at low applied voltage (typically 10 mV) 




 Hz) for 3-5 specimens of each sample to 
ensure reproducibility. A parallel RC circuit model expected to describe a “leaky” 
capacitor was used to determine the real and complex parts of the relative permittivity 
and the loss tangent from measured values of impedance magnitude and phase angle. 
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Polarization measurements at higher applied voltages were carried out using a 
Premier II ferroelectric polarization tester (Radiant, Inc.) using the same film specimens 
prepared for impedance testing.  Films made from pure polystyrene (Aldrich, 192,000 
g/mol) were also characterized.  Polarization data (D vs. E) were acquired for applied 
voltages ranging from 1 to 199 V and cycle frequencies of 100 Hz and 1 kHz.  The 
maximum applied field strength ranged from 15 to 300 kV/cm, depending on film 
thickness and the sample conductivity.  Stored energy density 
 
Ŵ = E dDò  was 
determined by numerical integration of the D-E data. 
Synthesis of oligoaniline-alkyne (OANI-alkyne, 2).  5-Hexynoic acid chloride 
was prepared by heating 5-hexynoic acid (8.0 mL, 73 mmol) in thionyl chloride (8 mL, 
110 mmol).  After refluxing for 12 hours, the product was collected by vacuum 
distillation.  Hydroxy-terminated oligoaniline trimer (9.42 g, 34.1 mmol) was dissolved 
in 30 mL dry THF and the flask was purged with nitrogen.  Triethylamine (7.1 mL, 51 
mmol) was added and the solution was cooled to 0 
o
C.  A solution of 5-hexynoic acid 
chloride (5.48 g, 37.5 mmol) in 10 mL dry THF was added over 30 minutes.  After 
stirring at room temperature overnight, the reaction mixture was filtered and concentrated 
to dryness.  The solids were dissolved in dichloromethane and extracted with water twice.  
The aqueous layers were combined and extracted with dichloromethane three times.  The 
organic layers were combined and stirred over anhydrous sodium sulfate.  The solution 
was filtered and the filtrate was concentrated to dryness.  The resulting solids were stirred 
in refluxing hexanes overnight.  The red/brown liquid was filtered, leaving a dark purple 
solid.  The product was collected, vacuum dried, and analyzed by NMR, FT-IR, and mass 
spectrometry. Yield: 10.2 g, 81.0 %.  
1
H NMR (2, DMSO-d6, δ): 7.92 (s, 1H, Ph-NH-Ph-
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NH-), 7.88 (s, 1H, Ph-NH-Ph-NH), 6.65-7.19 (m,  13H, Ph), 2.84 (t, 1H, CΞCH), 2.61 (t, 
2H, OC(O)CH2), 2.25 (td, 2H, CH2CΞCH), 1.78 (quin, 2H, CH2CH2CH2).  
13
C NMR (2, 
DMSO-d6, δ): 172.21 (C=O), 145.28, 143.12, 142.79, 136.95, 129.54, 122.70, 120.16, 
120.07, 118.79, 115.96, and 115.52 (Cq of Ph), 84.08 (CH2CΞCH), 72.39 (CH2CΞCH), 
32.79 (C=OCH2), 23.85 (CH2CH2CH2), 17.58 (CH2CH2C).  FTIR (cm
-1
): 3388, 3294, 
3052, 2965, 2916, 1736, 1600, 1511, 1380, 1310, 1225, 1197, 1167, 1144, 861, 817, 749, 
692.  MS (EI), m/z calcd for C24H22N2O2: 370.17; found: 370. 
Synthesis of oligoaniline-terminated PS (OANI-PS-OANI, 5).  Oligoaniline 
groups were added onto the end of the PS polymer chains through a click reaction with 
oligoaniline-alkyne (2) and the terminal azide groups from polymer 4.  Cu(I)Br (0.1 
equiv) was charged into a round bottom flask and purged with nitrogen for 30 minutes.  
OANI-alkyne (2, 2 equiv), N3-PS-N3 (4, 1 equiv N3), and PMDETA (0.15 equiv) were 
added to a pear shaped flask, dissolved in THF, and bubbled with nitrogen for 30 
minutes.  The mixture in the pear shaped flask was transferred to the round bottom flask 
and stirred at room temperature overnight.  The reaction mixture was concentrated to 
dryness, dissolved in dichloromethane, and extracted with water three times.  The organic 
layer was dried over anhydrous sodium sulfate, filtered, and concentrated.  The solution 
was then precipitated into methanol two times.  The solid product was collected by 





H NMR (3a, CD2Cl2, δ):  6.2-7.2 (br, Ph), 3.28 (br, OC(O)CH2), 3.16, (br, 
NtriazoleCH(Ph)CH2), 2.61 (br, CH2CCtriazole), 2.46 (br, CH2CH2CH2), 1.1-2.4 (br, 
CH2CHPh).  FTIR (cm
-1
): 3391, 3027, 2923, 2849, 1732, 1659, 1601, 1495, 1451, 1023, 
906, 756, 697 . 
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Doping of OANI-PS-OANI with HCl (6), DDBS (7), and CSA (8).  Fractions 
(0.2 g) of polymers 5a and 5b were dissolved in dry DMF (3 mL) and passed through 
microfilters (pore size 0.2 µm).  HCl, DBSA, or CSA (50 equiv per OANI group) was 
added to the polymer solutions.  Ammonium persulfate (50 equiv per OANI group) was 
also added to each solution. The solutions were then stirred at 70 
o
C for 48 hours. Once 
cooled, dichloromethane (40 mL) was added and the mixture was extracted with 
deionized water three times.  The organic layer was stirred over anhydrous sodium 
sulfate, filtered, and concentrated to dryness.  A small sample of each doped polymer was 
taken for analysis by UV-Vis spectroscopy.  The remainder of the sample was dissolved 
in toluene (3 mL). 
6.3 RESULTS AND DISCUSSION 
Synthesis of Oligoaniline-terminated PS.  Oligoaniline-terminated polystyrene 
(OANI-PS-OANI, 5) was prepared as outlined in Scheme 6.2.  To add an alkyne-group 
onto the termini of the oligoaniline moiety, 5-hexynoic acid was refluxed in oxalyl 
chloride, effectively converting the acid group to an acid chloride. The resulting 5-
hexynoic acid chloride was then reacted with the hydroxy-ended oligoaniline trimer (1) 
under basic conditions to give an alkyne-terminated oligoaniline trimer (OANI-alkyne, 
2).  The purity of 2 was confirmed by NMR, FTIR, and mass spectrometry.  Besides the 
appearance of the alkyl chain protons from the addition of the hexynoic acid group in the 
proton NMR between 1.78-2.84 ppm, there was also observed the disappearance of the 
hydroxide proton from compound 1 at 8.91 ppm and a shift of the amine protons from 
7.65 ppm and 7.48 ppm for compound 1 to 7.92 ppm and 7.88 ppm for compound 2 




for compound 2, correlating to an alkyne group and an ester group, respectively.  These 
results from proton NMR and FTIR, along with mass spectrometry, confirmed that 
product 2 was successfully prepared through the halide displacement reaction. 
 
Scheme 6.2.  Synthesis and doping of oligoaniline-functionalized polystyrene. 
 
 
Polystyrene was prepared by atom transfer radical polymerization (ATRP) using a 
difunctional initiator so that both ends of the PS would contain bromine atoms.
45, 49
  
Specifically, dimethyl 2,6-dibromoheptanedioate was used as the difunctional initiator 
and the molar ratio of [initiator]:[Cu(I)Br]:[PMDETA] was 1:1:1.1.  Both high (3a) and 
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low (3b) molecular weight PS homopolymers were prepared by adjusting the feed ratio 
of monomer to initiator. Both polymerizations were stopped below 60% monomer 
conversion to limit coupling termination reactions and to ensure that all polymer chain 
ends contained a bromine atom.  Both difunctional PS polymers had low polydispersity 
indices (PDI < 1.1).  The final molecular weight could be accurately determined by GPC 
analysis, as the system was calibrated using PS standards.  The final molecular weight 
and PDI are shown in Table 6.1. The terminal bromine groups on difunctional PS 
homopolymers 3a and 3b obtained by ATRP were converted to azide groups by reaction 
with sodium azide.
45
  The transformation from bromide to azide end groups was 
confirmed using FTIR, as a sharp band appeared at 2094 cm
-1
, which is typical for an 
azide stretching mode.   










































Figure 6.1.  
1


















3a Br-PS-Br 480:1 29,000 29,800 1.05 
3b Br-PS-Br 98:1 6,200 6,300 1.04 
4a N3-PS-N3 -- -- 29,800 1.06 




H NMR using monomer conversion.  
2
Calculated by GPC calibrated by 
polystyrene standards. 
 
To prepare the oligoaniline-terminated PS, a click reaction was performed on the 
azide-terminated PS (4a and 4b) with the oligoaniline-alkyne (2) using copper (I) 
bromide and PMDETA in THF. The excess oligoaniline-alkyne and residual copper 
bromide were removed by extraction with water followed by precipitating into a large 
excess of methanol two times.  The disappearance of the alkyne stretch at 3294 cm
-1
 and 
the azide band at 2094 cm
-1
, the appearance of a band at 1504 cm
-1
, which is typical of a 
triazole group, and the appearance of a small, broad peak at 3391 cm
-1
 from the amine 
groups of the oligoaniline confirmed the addition of the oligoaniline onto the PS chain 
end (Figure 62). 
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Figure 6.2.  FTIR overlay for oligoaniline-alkyne (OANI-alkyne, 2), bromide- (3b), 
azide- (4b), and oligoaniline- (5b) end functionalized polystyrene. 
 
Doping with Acids. The oxidation states of the oligoaniline trimer were 
previously investigated by UV-Vis spectroscopy.
44, 50-54
  Briefly, when oligoaniline is in 
the fully reduced form, only one absorption peak at 310 nm is observed in a solution of 
DMF.  When an oxidant (e.g. ammonium persulfate) and an acid dopant are added, the 
oxidized oligoaniline displays a peak around 570 nm due to the charge transfer from the 
benzenoid ring to the quinoid ring.  Additionally, the peak that was at 310 nm shifts to 
301 nm.  As these peaks are very prominent, UV-Vis was again used to confirm the 
oxidation and complexation of oligoaniline when doping with acids.  Polymers 5a and 5b 
were doped with HCl (6a and 6b), dodecylbenzenesulfonic acid (DBSA, 7a and 7b), and 
camphorsulfonic acid (CSA, 8a and 8b), as summarized in Table 6.2.  An excess of acid 
as well as ammonium persulfate were added to the polymer solution (5a and 5b) and 
stirred at 70 
o
C for 48 hours to ensure that all oligoaniline moieties were oxidized and 
doped with the corresponding acid.  Removal of excess acids is crucial, as it has been 
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previously shown that any free acid can result in increased dielectric loss in final 
dielectric materials due to ionic conduction.
44
  To ensure that all excess free acids and 
remaining ammonium persulfate were removed, the polymer solutions were dissolved in 
dichloromethane and extracted with deionized water three times.  The organic layer was 
then dried over sodium sulfate, filtered, and vacuum dried.  Small samples of the final 
doped polymers (6a-8b) were analyzed by UV-Vis.  As an example of confirmation of 
the doping process, the UV-Vis spectra for the lower molecular weight doped polymers 
5b, 6b, 7b, and 8b are shown in Figure 6.3.  Polymers 5a, 6a, 7a, and 8a exhibited 
similar UV-Vis spectra, as listed in Table 6.2.  The oxidation and doping process was 
clearly observed with the shift of the π-π* peak from 310 nm to around 300 nm, as well 
as the appearance of peaks around 390 nm and 525 nm. 
Table 6.2.  Preparation of oxidized and doped oligoaniline-ended PS. 








5a 5a None None 310 1.81% 
5b 5b None None 310 7.94% 
6a 5a (NH4)2S2O8 HCl 300, 395, 524 1.93% 
6b 5b (NH4)2S2O8 HCl 300, 395, 524 8.41% 
7a 5a (NH4)2S2O8 DBSA 298, 385, 520 2.84% 
7b 5b (NH4)2S2O8 DBSA 298, 385, 520 12.02% 
8a 5a (NH4)2S2O8 CSA 299, 383, 529 2.56% 
8b 5b (NH4)2S2O8 CSA 299, 383, 529 10.91% 
1
Values from UV-Vis.  
2
Calculated assuming complete doping of oligoaniline. 
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Figure 6.3.  UV/Vis spectra for polymers 5b-8b. 
 
Dielectric Properties.  The dielectric properties of oligoaniline-capped PS 
(OANI-PS-OANI), undoped and doped with various acids, were characterized using 
impedance spectroscopy and polarization testing.  Impedance measurements yield the 
relative permittivity as a function of frequency (Figure 6.4) for polymers 3a-8b. The 
higher molecular weight (~30,000 g/mol) Br-terminated polystyrene 3a has a relative 
permittivity of about 2.7, nearly independent of frequency.  Upon converting the end-
group from Br to OANI units, the relative permittivity for polymer 5a increases to a value 




 Hz frequency range.  Polymer 6a, in 
which the OANI units are doped with HCl, shows a slight increase in relative permittivity 




 Hz) compared to polymer 5a.  In the same frequency range, 
the permittivity of polymer 7a (OANI-PS-OANI doped with DBSA) increases to values 
between 6-9; polymer 8a, (OANI-PS-OANI doped with CSA) shows greater 








































































Figure 6.4.  Relative permittivity versus frequency for polymers (A) 3a-8a and (B) 3b-
8b. 
  
Lower molecular weight oligoaniline-capped PS polymers show similar trends but 
larger enhancement in permittivity.  The lower molecular weight (~6,000 g/mol) Br-
terminated polystyrene 3b has a nearly constant permittivity of about 4.3.  Undoped 
polymer 5b has permittivity value of about 3.6.  HCl-doped polymer 6b has permittivity 
values around 8; DBSA doped polymer 7b had permittivity between 13.3-20; and CSA 





Hz.  The permittivity of polymer 8b is nearly one order of magnitude higher than that of 
polystyrene homopolymer, indicating the significant impact of the oligoaniline chain end 
when doped by the large organic acid, CSA.  The greater enhancement in permittivity for 
the lower molecular weight OANI-PS-OANI polymers can be attributed to their higher 
fraction of aniline. The weight percents of the oligoaniline/acid complex relative to the 
total molecular weight of the polymers are summarized in Table 6.2. 
As shown in Figure 6.5, the loss tangents for all polymers, including the acid 




 Hz.  For CSA-doped 
polymers 8a and 8b with highest permittivity, the dielectric loss at frequency 0.1 MHz 
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was only 0.05 and 0.02, respectively. This was substantially lower than other 





























































Frequency (Hz)  
Figure 6.5.  Loss tangent (dielectric loss) versus frequency for (A) polymers 3a-8a and 
(B) polymers 3b-8b. 
 
Past experimental and theoretical studies have shown that bulky organic acids can 
have a large effect on the conductivity in polyaniline and oligoaniline films.
55, 56
  A recent 
study utilizing density functional theory (DFT) found that organic acid CSA has much 
stronger interactions with the nitrogen atoms of oligoaniline than HCl, resulting in more 
stable complexes.
57
  This suggests that organic acids produce more charge transfer 
between the dopant and the oligoaniline complex, allowing for greater electron transfer, 
and ultimately enhanced conductivity.  As shown in Figure 6.6, polymers 7a-8b, which 
contain oligoaniline units doped by large organic acids (DBSA and CSA), display much 
higher levels of electrical conductivity than HCl-doped polymers 6a and 6b.  Polymers 
7a-8b display conductivities two orders of magnitude greater than 6a,b at low 
frequencies (10
3
 Hz), and an order of magnitude greater at high frequencies (10
6
 Hz).  
These higher levels of conductivity directly correlate to higher levels of permittivity 




 Hz (Figure 6.4). 
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In addition, DBSA- and CSA-doped polymers 7a-8b display relative 
permittivities that decrease noticeably with increasing frequency.  Bulky DBSA and CSA 
anions complexed with oligoaniline create relatively large dipoles that may undergo 
orientational polarization and contribute to the permittivity, especially at low frequencies.  
Orientational polarization might be responsible for the energy dissipation observed at low 
frequencies for polymers 7a-8b (Figure 6.5).  Orientational polarization relaxes at higher 
frequencies (>10
4
 Hz), where the enhanced dielectric responses likely result primarily 
from electronic polarization.  Again, organic acids DBSA and CSA facilitate greater 
charge separation and local space charge buildup at the interface between conducting and 
insulating segments.  These results are consistent with previous work which utilized large 


















































































































Figure 6.6.  Conductivity versus frequency for (A) polymers 3a-8a and (B) polymers 3b-
8b. 
 
Figure 6.7 shows results from polarization testing at low to moderate voltages (1-
199 V), in contrast to the impedance results obtained at very low applied voltage 
(typically 10 mV).  As expected, the polarization curves for PS homopolymer are nearly 
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linear with low hysteresis.  In contrast, all acid-doped OANI-capped PS polymers show 
significantly enhanced dielectric polarization compared to PS homopolymer, as 
evidenced by the slopes of the D-E curves in Figure 6.7.  This shows that acid-doped 


































































































Figure 6.7.  Dielectric polarization versus applied electric field for PS and OANI-capped 
PS doped with (A) HCl, (B) DBSA, and (C) CSA.  All measurements carried out with 
100 Hz cycle frequency. 
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Figure 6.8 shows the stored energy density of acid-doped OANI-capped PS 
relative to that of pure PS measured at the same electric field polarization.  The higher 
molecular weight polymers (6a, 7a, 8a), containing 2-3% OANI (Table 6.2), have stored 
energy densities that are 4-8 times higher than PS homopolymer.  For lower molecular 
weight polymers (7b, 8b), doped with DBSA or CSA and having 11-12% OANI, the 
relative energy densities increase further, to 10-12 times higher than that of PS.  
However, the relative energy density of polymer 6b (HCl-doped, 8.41% OANI) decreases 
relative to that of polymer 6a, although it is still more than twice as large as the energy 
density stored in PS homopolymer at the same applied field strength.  This trend can be 
seen in Figure 6.7A, in which the D-E curve for polymer 6b has a smaller slope than that 
of polymer 6a. 
The D-E curves in Figure 6.7 also show that all acid-doped OANI-capped PS 
polymers manifest more nonlinearity and hysteresis than PS homopolymer.  In general, 
the energy loss percentage (not shown here) increases with OANI content and maximum 












































 measured at the same 
frequency and field strength) as a function of OANI weight percent. 
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The significant enhancement of the permittivity of polystyrene by the chain-end 
group could be explained by the presence of oligoaniline-rich domains dispersed in the 
polystyrene matrix. The formation of these nanoscale domains would significantly 
enhance the interfacial area of highly polarizable nanodipoles. This hypothesis is further 
supported by the higher permittivity of low molecular weight PS compared to that of 
higher molecular weight PS when doped with same reagents, as the weight fraction of 
oligoaniline plus dopant in the lower molecular weight PS was in the range of 8-12 wt%, 
which was sufficient to have nanoscale phase separation between chain ends and the 
polystyrene matrix (Scheme 6.1).  However, this phase separation would be much less 
prominent in high molecular weight PS as the weight fraction of oligoaniline plus dopant 
was only around 2 wt%, which would lead to totally disorganized systems.  To support 
this hypothesis, SAXS measurement was carried out on polymers 6a-8b.  For the high 
molecular weight polymers 6a, 7a, and 8a, no ordered peaks were observed, as shown in 
Figure 6.9A.  Given that polymers 6a, 7a, and 8a had only 2 wt% oligoaniline/acid 
dopant, these polymers probably formed homogeneous systems.  However, for the low 
molecular weight polymers 6b, 7b, and 8b, a weak correlation peak at the 5 nm length 
scale (d = 2π/q) was observed (Figure 6.9B).  Since there were no additional higher order 
peaks present, it can be concluded that these polymers did not form well-ordered 
nanodomains of oligoaniline/acid dopant complex, but rather disordered domains with 
broad interfaces between them and polystyrene matrix.  Nevertheless, these results 

















































d = 2 /q = 5 nm
 
Figure 6.9.  SAXS plots of polymers (A) 6a-8a and (B) 6b-8b. 
 
6.5 CONCLUSIONS 
In conclusion, we prepared oligoaniline end-functionalized polystyrene polymers 
via click chemistry between azide-ended polystyrene and alkyne-containing oligoaniline.  
The oligoaniline units were doped by various acids, including HCl, DBSA, and CSA.  
The dielectric properties of these oligoaniline-ended PS polymers indicated that doping 
with large, organic acids resulted in increases of up to an order of magnitude in 
permittivity and energy storage density relative to PS, while maintaining a relatively low 
dielectric loss, especially in the high frequency range.  Given its simplicity, this novel 
strategy could be generalized to improve dielectric permittivity of many other commodity 
polymers. 
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LINEAR DIBLOCK COPOLYMER PEO-B-PS WITH A PHOTOCLEAVABLE LINKER: 
APPROACHING THE LOWER SIZE LIMIT OF ORDERED NANOPORES 
 
7.1 ABSTRACT 
This chapter discusses the preparation of highly dense, highly ordered nanoporous 
films by utilizing low molecular weight block copolymers PEO-b-PS with a 
photocleavable, ortho-nitrobenzyl linker between the two blocks.  A lower limit in 
molecular weight was realized, below which films completely dewet during annealing, 
even after complexing the PEO domain with LiCl.  Films using PEO with a molecular 
weight of 2000 g∙mol
-1
 led to the formation of pores with diameter and center-to-center 
distances of 10 nm and 20 nm, respectively, after incorporation of LiCl.  Block 
copolymers using PEO with a molecular weight of 750 g∙mol
-1
 completely dewet during 
annealing, even after complexing with high ratios of LiCl. 
7.2 INTRODUCTION 
 Block copolymers have been used to prepare highly ordered nanoscale domains 
upon self-assembly and can be utilized in the “bottom-up” fabrication of nanoengineered 
materials and devices.
1
  The molecular characteristics of block copolymers dictate the 
self-assembly process and are critical in the formation of well-defined nanostructures.
2
  
These microphase separated structures are mostly dictated by three experimental 
parameters: the degree of polymerization (N), the volume fraction of the blocks (f), and 
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the Flory–Huggins interaction parameter ().
3-5
  The chemical nature of the block 
segments determines , which in turn describes the segment-segment interactions.  The 
emerging role of block copolymer lithography in the fabrication of various devices has 
led to significant challenges in the creation of small features with a high degree of order.
6
  
Smaller feature size, uniform porous films, faster processing time, and long-range order 
are a few of the main requirements demanded by the nanotechnology industry as outlined 
in the International Technology Roadmap for Semiconductors.
7-9
  The feature sizes of 
self-assembled nanodomains is directly influenced by the molecular weight (N) of block 
copolymers.  There, decreasing the molecular weight N would reduce feature sizes.  
However, there is a limit as to how low the molecular weight a linear block copolymer 
for a given block copolymer system can be before it passes the order-disorder transition 
(ODT) and is incapable of forming microphase separated structures. 
It has been well demonstrated that poly(ethylene oxide)-block-polystyrene (PEO-
b-PS) can form long-range ordered nanostructures in thin films through a solvent 
annealing process under controlled humidity.
10
  Hexagonally-packed cylinders of PEO in 
a matrix of PS can align perpendicular to the surface when the volume fraction of PEO is 
between 0.15-0.35.  Traditionally, removing the minor PEO cylindrical domains to obtain 
nanoporous films has been problematic, as harsh, acidic conditions have typically been 
required.
11, 12
  Sacrificial blocks in block copolymers have been used to prepare 
nanoporous films after degrading the middle block.
7
  However, the preparation of well-
defined block copolymers is time consuming and limited to degradable polymers.  More 
recently, incorporation of degradable functional groups at the junction between the two 
blocks has been realized as a more efficient method of cleaving block copolymers.  Trityl 
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ethers, disulfides, acetals, hydrazones, metallo-supramolecular, and ionic linkages have 
been utilized at the junction between diblock copolymer PEO-b-PS to form nanoporous 
films.
13-21
  However, most of these techniques either involve acidic conditions or long 
soaking times (> 4 days) in order to degrade or rearrange the linker and remove the PEO 
cylindrical domain. 
Recently, block copolymers PEO-hv-b-PS with ortho-nitrobenzyl (ONB) 
photocleavable linkers (hv) have been prepared.
22-26
  Upon self-assembly, thin films of 
these block copolymers were exposed to UV irradiation to rearrange the ONB linker and 
effectively cleave the PS and PEO blocks.  Nanoporous PS films were obtained upon 
washing away the cylindrical PEO domain with water or methanol.  In early reports, the 
degree of ordering was somewhat limited, as grain sizes of less than 0.1 µm
2
 were 
obtained.  A recent report utilizing PEO-hv-b-PS was capable of obtaining highly ordered 
nanoporous arrays.
24
  The average diameter and pitch of the pores were ~20 nm and ~40 
nm, respectively. 
In this work we have prepared highly ordered nanoporous thin film based on 
PEO-hv-b-PS diblock copolymers in which there is an ONB linker between the two 
blocks.  Commercially available PEOs were first modified to contain an ONB unit.  
Subsequently, well defined PEO-hv-b-PS diblock copolymers were prepared by atom 
transfer radical polymerization (ATRP).  Highly ordered nanoporous thin films were 
obtained through solvent annealing and photodegradation of the ONB junction.  
Furthermore, we have decreased the total molecular weight of the block copolymer 
systems in order to decrease both the diameter and spacing of the nanopores.  A 
minimum total molecular weight was realized that allowed for microphase separation of 
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linear PEO-b-PS diblock copolymers.  This work represents the highest density of 
ordered nanoporous thin films prepared from linear PEO-b-PS diblock copolymers to 
date. 
7.3 EXPERIMENTAL 
Materials.  All reagents were purchased from Alfa Aesar and Aldrich and used as 
received unless otherwise noted.  Styrene was distilled before use.  Tetrahydrofuran 




H NMR (300 MHz) and 
13
C NMR (100 MHz) spectra were 
recorded on a Varian Mercury 300 spectrometer with tetramethylsilane (TMS) as an 
internal reference.  Gel permeation chromatography (GPC) was performed at 30 
o
C on a 
Waters system equipped with a 515 HPLC pump, a 2410 refractive index detector, and 





, and 5000–500,000 g∙mol
-1
, respectively).  HPLC grade 
THF was used as eluent at a flow rate of 1.0 mL/min.  Polystyrene standards were used 
for calibration.  Mass spectrometry was carried out on a Waters Micromass Q-Tof mass 
spectrometer, with a positive ion electrospray as the ionization source.  UV-vis 
spectroscopy was carried out on a Shimadzu UV-2450 spectrophotometer, scanning 
monochromatic light in the range of 190-900 nm.  A quartz cuvette with a path length of 
10.00 mm was used, and the solvent was dimethylformamide (DMF). FTIR spectra were 
recorded on a PerkinElmer Spectrum 100 FTIR spectrometer equipped with a Universal 




α-Methoxy-ω-toluenesulfonyl-PEO (PEO-OTs, 2).  PEO-OH (1 eq.) was 
dissolved in 20 mL dry THF, purged with nitrogen, and cooled to 0
o
C.  Triethylamine (25 
eq.) was then added and the solution was stirred for 15 minutes.  A solution of 4-
toluenesulfonyl chloride (25 eq.) in dry THF (10 mL) was added dropwise to the reaction 
mixture.  After stirring at 0
o
C for 30 minutes, the solution was stirred at room 
temperature overnight.  The solvent was then removed by rotary evaporation.  The solids 
were dissolved in DCM and extracted with deionized H2O twice.  The aqueous layers 
were combined and extracted with DCM three times.  The organic layers were combined, 
dried over anhydrous sodium sulfate, filtered, concentrated, and precipitated into diethyl 
ether two times.  The resulting white powder was collected by filtration and vacuum 
dried (~90% yield).  
1
H NMR (CD2Cl2), δ (TMS, ppm): 7.78 (dd, 2H, ArH), 7.34 (dd, 
2H, ArH), 4.15 (t, 2H, -CH2SO2Ar-), 3.47-2.77 (br, , -CH2CH2-), 2.45 (ArCH3). 
PEO-hv-OH (3).  Sodium hydride (5 eq.) was suspended in 30 mL dry THF and 
the reaction flask was purged with nitrogen.  A solution of 5-hydroxy-2-nitrobenzyl 
alcohol (4 eq.) in dry THF (10 mL) was slowly added to the reaction flask and stirred for 
15 minutes.  PEO-OTs (1 eq.) in dry THF (10 mL) was then added dropwise to the 
reaction flask, stirred at room temperature for 15 minutes and refluxed overnight.  After 
cooling the solution to room temperature, the reaction was quenched by the addition of 
10 mL deionized H2O.  The reaction workup was similar to that for product 2.  (3.7 g, 
93% yield).  
1
H NMR (CD2Cl2), δ (TMS, ppm): 8.20 (dd, 1H, ArH), 7.42 (s, 1H, ArH), 




PEO-hv-Br (4).  PEO-hv-OH (1 eq.) and 4-dimethylaminopyridine (DMAP, 
0.020 g, 0.16 mmol) were added to a 100 mL round bottom flask equipped with a stir bar 
and purged with nitrogen.  Dry dichloromethane (50 mL) was added and the reaction 
mixture was stirred until all the solids dissolved.  The reaction mixture was then cooled to 
0
o
C before triethylamine (4 eq.) was added.  A solution of 2-bromoisobutyryl bromide (4 
eq.) in dry dichloromethane (15 mL) was added dropwise to the cooled solution.  The 
solution was stirred at 0
o
C for 30 minutes, then at room temperature overnight.  The 
reaction was then quenched by the addition of deionized H2O (10 mL).  The reaction 
workup was similar to that for product 2.   (~90% yield).  
1
H NMR (CD2Cl2), δ (TMS, 
ppm): 8.20 (dd, 1H, ArH), 7.42 (s, 1H, ArH), 6.95 (dd, 1H, ArH), 5.61 (s, 2H, 
ArCH2OC(O), 4.25 (t, 2H, -CH2OAr-), 3.47-2.77 (br, -CH2CH2-), 1.98 (s, 6H, 
C(O)(CH3)2Br. 
PEO-hv-b-PS (5).  Copper (I) bromide (1 eq.) was charged in a 10 mL schlenk 
line flask and purged with nitrogen.  PEO-hv-Br (1 eq.), styrene (x eq.), and 
N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA, 1.5 eq.) were added to a 5 
mL pearl shaped flask, degassed by bubbling nitrogen through the solution for 20 
minutes, and transferred to the schlenk line flask.  The solution was then allowed to stir at 
room temperature for 20 minutes before a sample was taken for NMR analysis.  The 
schlenk line flask was then added to an oil bath preheated to 90
o
C.  The polymerization 
was monitored by proton NMR and the reaction was stopped at the desired monomer 
conversion by cooling in an ice bath and then diluting the solution with THF.  The 
solution was then precipitated into methanol twice.  The solid white product was 
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collected by filtration and vacuum dried.
   1
H NMR (CD2Cl2), δ (TMS, ppm): 6.02-7.38 
(br, ArH), 3.47-2.77 (br, -CH2CH2-), 1.02-2.26 (br, -CH2CH-). 
Preparation of Thin Films.  The PEO-hv-b-PS diblock copolymers were spin-
coated (3000 RPM, 60 s) from toluene solutions (1.5 wt%) onto silicon substrates that 
were coated with a 100 nm thick SiO2 layer.  The thin films were then annealed overnight 
under a saturated toluene atmosphere before being exposed to a high relative humidity 
(>85%) atmosphere for 15 minutes. 
7.4 RESULTS AND DISCUSSION 
Poly(ethylene oxide) (PEO) ATRP macroinitiators containing an ortho-
nitrobenzyl (ONB) groups were prepared using PEOs with molecular weights of 5000, 
2000, and 750 Da.  The synthetic route is shown in Scheme 7.1, and follows a previously 
reported route which utilized a PEO with molecular weight of 5000 Da.  The hydroxy 
end-group of commercially available poly(ethylene glycol) monomethyl ethers (1a-c) 
were converted into α-methoxy-ω-toluenesulfonyl-PEO (PEO-OTs, 2) in >90% yield by 
reaction with 4-toluenesulfonyl chloride.  The products were analyzed by proton NMR 
(Figure 7.1), FTIR (Figure 7.2), and GPC (Table 7.1).  Successful attachment of the tosyl 
group was evident by the appearance of signature tosyl protons including two doublet 
aromatic signals at 7.34 and 7.78 ppm and a singlet signal (-ArOCH3) at 2.45 ppm in the 
proton NMR.  The appearance of a triplet at 4.15 ppm correlates to the methylene group 
adjacent to the tosyl group (-CH2SO2Ar-), which is further evidence that the polymer 
chain end reacted.  FTIR showed the disappearance of the hydroxy functional group 
(3200-3700 cm
-1




Scheme 7.1.  Synthesis of diblock copolymer PEO-hv-b-PS. 
 
 
 A substitution reaction of 5-hydroxy-2-nitrobenzyl alcohol and PEO-OTs (2a-c) 
introduced the ONB group onto one end of the PEO chain, resulting in polymers PEO-hv-
OH (3a-c) in > 90% yield.  Compounds 3a-c were also analyzed by proton NMR (Figure 
7.1), FTIR (Figure 7.2), and GPC (Table 7.1).  The complete disappearance of all three 
tosyl proton signals, the appearance of three new aromatic signals at 8.20, 7.42, and 6.95 
ppm (Ar-H), and the appearance of a singlet at 4.92 ppm (ArCH2OH) suggests the 
successful displacement of the tosyl group with the ONB group.  Furthermore, the 
polymer end-chain methylene protons shifted from 4.15 to 4.25 ppm (-CH2OAr), 
displaying a change in chemical environment from adjacent to the tosyl group to adjacent 
to the ONB group. 
 Finally, ATRP macroinitiators 4a-c were prepared by reacting the primary alcohol 
of PEO-hv-OH (3a-c) with 2-bromoisobutyryl bromide in the presence of triethylamine. 
Characterization by proton NMR (Figure 7.1), FTIR (Figure 7.2), and GPC (Table 7.1) 
confirmed the products.  The singlet corresponding to the methylene protons that were 
adjacent to the hydroxy group (ArCH2OH, 4.92 ppm) shifted downfield to 5.61 ppm as 
the ester formed in products 4a-c.  Additionally, a singlet at 1.98 ppm (C(O)(CH3)2Br) 
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appeared corresponding to the methyl groups of the tertiary alkyl halide.   A carbonyl 
stretch in the FTIR spectra at 1690 cm
-1
 confirmed the ester formation. 
 Chain extension of ATRP macroinitiators 4a-c with styrene using Cu(I)Br and 
PMDETA at 90
o
C was monitored by proton NMR.  Samples were taken throughout the 
polymerizations and the monomer conversion was obtained by calculating the decrease in 
styrene monomer signals at 5.74 and 5.22 ppm as compared to the PEO backbone protons 
at 3.47-3.77 ppm.  The chain extension was stopped at the desired monomer conversion 
and precipitated into methanol twice to remove any remaining monomer and copper 
catalyst.  The degree of polymerization of PS was determined by proton NMR by 
comparing the aromatic signals from PS (6.02-7.38 ppm) with the methylene protons 
from PEO (3.47-2.77 ppm).  The GPC traces for copolymers 5a-c showed clean shifts 
from macroinitiators 4a-c with a low PDIs (<1.25).  The polymer compositions are given 




Figure 7.1.  
1
H NMR spectra (A) and FT-IR spectra (B) of polymers 1b-4b. 
 
1.5 wt% solutions of block copolymers 5a-g in toluene were spin-coated onto 
silicon substrates.  The thin films were then annealed in a saturated toluene atmosphere 
for 7 hours before being exposed to a high humidity (>85% RH) atmosphere.  The 
annealed thin films were characterized by AFM.  Hexagonally packed cylinders with 
long-range order (>3x3 µm
2
) were obtained for block copolymer 5a, which contained 
PEO with molecular weight of 5000 Da (MWtotal=23100 g∙mol
-1
, 21.6 wt% PEO).  The 
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average diameter and center-to-center distance for the solvent annealed film of polymer 
5a was 22 nm and 32 nm, respectively, as seen in Figure 7.2A.  Block copolymer 5b, 
which contains PEO with molecular weight of 2000 Da and a total molecular weight of 
18600 g∙mol
-1
 (10.7 wt% PEO) also formed highly ordered films with average diameter 
and center-to-center distance of 10 nm and 28 nm, respectively (Figure 7.2B).  The low 
weight percent of PEO and the appearance of local domains of square packing suggested 
that the morphology consisted of body centered cubic packed spheres of PEO in a matrix 
of PS.
8
  Polymers 5c (MWPEO=2000, MWtotal=9600, 20.9 wt% PEO) and 5e 
(MWPEO=750, MWtotal=2950, 25.4 wt% PEO) resulted in disorganized or dewet films 
after annealing. 
Previous reports utilizing solvent annealing of PEO-b-PS diblock copolymers 
with low total molecular weights also observed no microphase separation after 
annealing.
2, 27
  This is due to the dependence of microphase separation on the product of 
the Flory-Huggins interaction parameter and the total molecular weight (χN).  For PEO-
b-PS systems, χ can be determined by equation 1: 
χPS-b-PEO = -0.007 + 21.3/T            (Equation 1) 
where T is the temperature.  For polymer 5a (MWtotal=23100 g∙mol
-1
) and 5b 
(MWtotal=18600 g∙mol
-1
), χN ~ 21.2 and 17.1, respectively, and well-defined microphase 
separated structures are formed after annealing.  However, for polymers 5c 
(MWtotal=9600 g∙mol
-1
) and 5e (MWtotal=2950 g∙mol
-1
), χN ~ 8.8 and 2.71, respectively, 
no microphase separation is observed after annealing.  This agrees with a previous report, 
as weak microphase separated structures were observed for a PEO-b-PS polymer with χN 
~ 16.8 and no microphase separated structures were observed when χN ~ 10.1.
27
  In 
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previous reports, increasing the segregation strength, χ, was achieved by complexing the 
ether linkages in the PEO domain with a salt additive (LiCl).
2, 27
  This resulted in 
apparent increase in χ by the formation of highly ordered microphase separated films 
after solvent annealing.  Similar to these previous reports, polymers 5c and 5e were 
complexed with LiCl to increase the segregation strength of the low molecular weight 
block copolymers. 
 




















5a 5000  19000 1.21 18100  21.6%  -- 21.2 
5b  2000  16900 1.25 16600  10.7%  -- 17.1 
5c  2000  9000 1.26 7600  20.9%  --  8.8 
5d  2000  9000 -- 7600  20.9%  0.03 >10.5 
5e 750 2600 1.18 2200 25.4% -- 2.71 
5f 750 2600 -- 2200 25.4% 0.03 2.71<x<10.5 






Determined from GPC before photoexposure, calibrated by 
PS standards.
  c
Determined from GPC after photoexposure, calibrated by PS standards.  
d
Ratio of repeat units of ethylene oxide to LiCl.  
e
Calculated from Equation 1. 
 
When polymer 5c was complexed with LiCl in a molar ratio of [O]:[Li+]=1:0.03, 
highly ordered films were observed after solvent annealing (polymer 5d, Figure 7.2C).  
Similar to previous reports detailing the solvent annealing conditions for higher 
molecular weight PEO-b-PS systems, there was a direct correlation between the humidity 
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level during annealing and the direction of ordering in the microphase separated films.  
When the humidity level was above 70%, highly ordered perpendicular cylinders were 
formed, as seen in Figure 7.2C.  The diameter and center-to-center distances for the 
perpendicular cylinders were 10 nm and 20 nm, respectively.  When the humidity level 
was below 70%, parallel cylinders were formed, as seen in Figure 7.2D.  The average 
widths of the cylinders were 10 nm with an average center-to-center distance of 20 nm.  
We were unable to obtain any microphase separated films after annealing polymer 5e 
(MWtotal=2950 g∙mol
-1
), even after complexing with LiCl in ratios as high as 1:0.125 
(Polymers 5e-f), as macrophase separation left completely dewet films after annealing. 
 
 
Figure 7.2.  AFM images of microphase separated films after high humidity (90% RH) 
solvent annealing of polymers 5a (A), 5b (B), and 5d (C).  AFM image of microphase 
separated film after low humidity (50% RH) of polymer 5d (D). 
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 In order to determine a sufficient amount of ultraviolet light exposure time 
degrade the photocleavable ortho-nitrobenzyl (ONB) linker, an experiment was carried 
out in which block copolymer 5a was cast in a small vial and exposed to ultraviolet light.  
The polymer was dissolved in dichloromethane and the absorption properties were 
studied by UV-Vis after each dose of photoexposure.  A medium wavelength lamp (308 
nm) was used, as the ONB has high absorption between 300-325 nm.  As the ortho-
nitrobenzyl group rearranges to an ortho-nitrosobenzaldehyde group, the absorption band 
at 310 nm decreases and a new band at 350 nm appears, as seen in Figure 7.3.  After 16 
minutes of exposure, the band at 310 nm reached a minimum and the band at 350 nm 
reached a maximum, suggesting complete rearrangement of the ONB moiety.  At this 
point, the photoirradiated polymer 5a was evaluated with GPC.  The diblock copolymer 
PEO-hv-b-PS (polymer 5a) before and after photoexposure are shown in Figure 7.4.  
After photoexposure, a monomodal polymer species was observed, which has a lower 
molecular weight than before photoexposure.  The molecular weight of the lower 
molecular weight peak after photoexposure matches the molecular weight of the PS 
obtained by NMR analysis for diblock copolymer 5a, as shown in Table 7.1. Clearly, 
after photoexposure, the diblock copolymer 5a is cleaved at the ONB junction, yielding 



































Figure 7.3.  UV-Vis spectra of photocleavable polymer 5a as a function of exposure 
time. 
 























Figure 7.4.  GPC traces of polymer 5a before (A) and after (B) 26-minute 
photoexposure. 
 
 To prepare highly ordered nanoporous films, the ordered PEO-hv-b-PS films were 
exposed to ultraviolet light for 30 minutes.  After soaking in diluted acetic acid for 5 
minutes, the films were dipped in water, ethanol, and finally dried before imaged by 
AFM.  The films from block copolymers 5a and 5d remained highly ordered, as seen in 
Figure 7.5.  Similar to the films before photoexposure and washing, the average diameter 
and center-to-center distances for nanoporous films of polymer 5a were 22 nm and 32 
nm, respectively.  The average diameter and center-to-center distances for nanoporous 
films of polymer 5d were 10 nm and 20 nm, respectively.  To ensure that the ONB 
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moiety was cleaved and the PEO cylinder was washed away, top-down and cross-
sectional SEM was carried out for polymers 5a and 5d.  Before photoexposure and 
washing of polymer 5a, no features could be seen by SEM.  After photoexposure and 
washing, highly ordered arrays of nanopores were observed by top-down SEM for 
polymer 5a (Figure 7.5c).  To prove that the nanopore continued through the entire film, 
cross-sectional SEM was performed.  Figures 7.5d (polymer 5a) and 7.5e (polymer 5d) 
clearly show that the films contain nanopores that span through the entire film for PEO-
hv-b-PS polymers after annealing, photoexposure, and washing.  Nanoporous films 
originating from polymer 5d represent the smallest reported highly ordered hexagonal 
arrays of pores in thin films resulting from PEO-based block copolymers. 
 
Figure 7.5.  AFM phase images of nanoporous films resulting from polymer 5a (A) and 
5d (B).  Top-down (C) and cross-sectional SEM images (45
o
, D, E) of nanoporous films 




In conclusion, we prepared highly dense, ordered nanoporous films using low 
molecular weight PEO-b-PS diblock copolymers that had an ortho-nitrobenzyl (ONB) 
photocleavable linker between the blocks.  Through use of low molecular weight blocks 
copolymers complexed with LiCl, microphase separation was observed after solvent 
annealing.  Nanopores spanning through the polymer film were observed with diameter 
and center-to-center distances of 10 nm and 20 nm, respectively. 
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HIGH QUALITY FILMS WITH SUB-10 NM FEATURE SIZES 
UTILIZING GRAFTED BLOCK COPOLYMERS 
8.1 ABSTRACT 
This chapter discusses the preparation of highly ordered microphase separated 
films utilizing a grafted block copolymer with PS-b-PEO diblock copolymers on the side-
chain.  High quality films with highly ordered nanostructures were obtained when the 
molecular weight of the side-chain block copolymer was extremely low.  Previous studies 
utilizing linear diblock copolymer PS-b-PEO observed severe dewetting for low 
molecular weight systems.  This problem is avoided in the grafted block copolymer 
system, as enhanced chain entanglement between adjacent polymer chains ensures a high 
quality film after annealing.  Furthermore, the block copolymers on the side-chain dictate 
the feature sizes of the microphase separated films when the backbone length is kept low, 
as hexagonally packed cylinders of PEO in a matrix of PS with diameter and center-to-
center distances of 10 and 20 nm, respectively, were possible. 
 8.2 INTRODUCTION 
 In the near future, the semiconductor industry will face a major hurdle in 
continuing to decrease the size of integrated circuit components, as the photolithographic 
techniques currently employed in complementary metal oxide semiconductor transistors 
are reaching their lower limit.
1
  Block copolymer nanolithography is a promising 
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technique to drive further device miniaturization due to the nanometer-scale length size 
of structures obtained after self-assembly.
1, 2
  However, significant challenges remain to 
be solved before block copolymer nanolithography can be realized as a practical solution 
to the semiconductor industries problems.  Smaller feature size, uniform porous films, 
and long-range order are a few of the main requirements demanded by the 
nanotechnology industry as outlined in the International Technology Roadmap for 
Semiconductors.
1, 3-7
  The size of the nanodomains after block copolymer self-assembly 
are ultimately defined by the molecular weight of block copolymer.  Therefore, 
decreasing the molecular weight would reduce feature sizes.  However, there is a limit as 
to how low the molecular weight of a linear block copolymer system ( is constant for 
any given system) can be before it passes the order-disorder transition (ODT) and is 
incapable of forming microphase separated assemblies.  Equally, block copolymers 
systems with a high  can utilize lower molecular weight polymers before the ODT is 
reached.  However, during the annealing phase, macroscopic phase separation occurs for 
low molecular weight linear block copolymers systems due to limited polymer chain 
entanglement. 
 Long-range order and orientational control has been achieved with A-B, A-B-A, 
A-B-C, or A-B/B’-C block copolymer systems through various processing strategies 
including topographical and chemical graphoepitaxy, external fields, temperature 
gradients, and solvent annealing.
1, 2, 8, 9
  As discussed in the previous chapter, solvent 
annealing of poly(ethylene oxide)-block-polystyrene (PEO-b-PS) block copolymer 
systems is a fast and cheap technique which gives rise to long-range ordered 
nanostructures in thin films.  However, for all linear block copolymers there exists vast 
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film dewetting during annealing of low molecular weight systems.
10
  We recently found a 
lower molecular weight threshold for microphase separated films based on linear diblock 
copolymer PEO-b-PS.
10
  Below a certain molecular weight, the polymer film would 
macroscopically dewet from the substrate during the solvent annealing process due to 
limited inter-chain entanglement of the linear block copolymer system. 
 Grafted block copolymers (or brush copolymers) have recently received much 
attention due to their ability to form nanostructures not possible from linear block 
copolymer systems.
11-19
  The highly-dense side-chains and large cross-sectional areas 
inherent with grafting high molecular weight polymers from a common backbone limit 
the amount of intermolecular chain entanglement, and thus, spontaneously form 
wormlike or spherical conformations.
20-22
  Such structures have been utilized as carriers 
for encapsulation and as templates for uniform nanoparticle preparation.  Additionally, 
grafted block copolymers have been utilized to prepare microphase separated spherical, 
cylindrical, and lamellae structures with domain sizes above 100 nm, which have 
applications in photonics as optical materials.
23, 24
  These grafted block copolymer 
systems typically have long backbones between 1000 – 2500 repeat units.  The molecular 
weight of the side-chains are low, typically between 2,000 – 10,000 g∙mol
-1
, ultimately 




 In this work, we have utilized grafted block copolymers in which the side-chains 
consist of low molecular weight PEO-b-PS diblock copolymers to prepare films with 
feature sizes below what is possible for the linear diblock copolymer analogues.  By 
keeping the backbone length below 20 repeat units, the polymer system is not forced into 
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a wormlike conformation during self-assembly.  While macrophase separation led to 
dewet films for linear diblock copolymers with the same molecular weight as the grafted 
copolymer side-chains, the grafted block copolymers system retained high quality films 
due to increased chain entanglement between adjacent polymer chains.  Furthermore, the 
feature sizes of the microphase separated structures of the grafted block copolymer 
system was similar to those of the linear diblock copolymer analogues, suggesting that 
for grafted block copolymer systems with low backbone lengths, the block copolymer on 
the side-chain determines the feature sizes upon self-assembly. 
8.3 EXPERIMENTAL 
Materials.  All reagents were purchased from Alfa Aesar and Aldrich and used as 
received unless otherwise noted.  Styrene was distilled before use.  Tetrahydrofuran 
(THF) and dimethylformamide (DMF) were dried over molecular sieves and distilled 
before use.  Grubbs 3
rd
 generation catalyst (G3), N-[3-Hydroxylpropyl]-cis-5-
Norbornene-exo-2,3-Dicarboximide (NPH), and 5-hexynoic acid chloride were prepared 





H NMR (300 MHz) and 
13
C NMR (100 MHz) spectra were 
recorded on a Varian Mercury 300 spectrometer with tetramethylsilane (TMS) as an 
internal reference.  Gel permeation chromatography (GPC) was performed at 30 
o
C on a 
Waters system equipped with a 515 HPLC pump, a 2410 refractive index detector, and 





, and 5000–500,000 g∙mol
-1
, respectively).  HPLC grade 
THF was used as eluent at a flow rate of 1.0 mL/min.  Polystyrene standards were used 
for calibration.  Mass spectrometry was carried out on a Waters Micromass Q-Tof mass 
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spectrometer, with a positive ion electrospray as the ionization source.  FTIR spectra 
were recorded on a PerkinElmer Spectrum 100 FTIR spectrometer equipped with a 
Universal ATR sampling accessory.    
Norbornene-terminated ATRP initiator (N-[3-propyl-2-bromo-2-
methylproponate]-cis-5-Norbornene-exo-2,3-Dicarboximide, NP-Br, 2).  NPH (1, 
0.31 g, 1.4 mmol) was added to a 100 mL round bottom flask equipped with a stir bar and 
purged with nitrogen.  Dry tetrahydrofuran (25 mL) was added and the reaction was 
cooled to 0
o
C before triethylamine (0.39 mL, 2.8 mmol) was added.  A solution of 2-
bromoisobutyryl bromide (0.26 mL, 2.1 mmol) in dry tetrahydrofuran (15 mL) was added 
drop wise to the cooled solution.  The solution was stirred at 0
o
C for 30 minutes, then at 
room temperature overnight.  The mixture was filtered and concentrated to dryness.  The 
solids were then dissolved in either DCM or water.  The DCM was extracted with 
deionized H2O twice.  The aqueous layers were combined and extracted with DCM three 
times.  The organic layers were combined, dried over anhydrous sodium sulfate, filtered, 
concentrated, and the products were separated using column chromatography (silica gel, 
eluent: DCM).  The product was collected, concentrated, and vacuum dried.   Yield: 0.40 
g, 76.9%.  
1
H NMR (CD2Cl2), δ (TMS, ppm): 6.30 (s, 2H, CH=CH), 4.15 (t, 2H, 
CH2CH2OC(O)), 3.59 (t, 2H, NCH2CH2), 3.33 (s, 2H, CHC(O)N), 2.69 (s, 2H, CH2CH), 
1.88-2.08 (m, 8s, CH2CH2CH2 + (CH3)2C(O)), 1.51 and 1.23 (dd, 2H, CH2CH).  
13
C 
NMR (CD2Cl2), δ (TMS, ppm): 177.7 (CON), 171.3 (C(O)O), 137.7 (CH=CH), 63.2 
(CH2CH2OC(O)), 56.2 (C(CH3)2Br), 47.8 (CH2CHCHCO), 45.2 (CH2CHCHCO), 42.7 
(CH2CHCHCO), 35.2 (NCH2CH2), 30.5 (C(CH3)2Br), 26.8 (NCH2CH2).  FTIR (cm
-1
): 
2980, 1760, 1690, 1465, 1440, 1390, 1340, 1110, 1170, 890, 720. 
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Bromine-terminated NP-polystyrene (NP-PS-Br, 3).  Copper (I) bromide (1 
eq.) was charged into a 10 mL schlenk line flask and purged with nitrogen.  NP-Br (2, 1 
eq.), styrene (n eq.), and N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA, 1.5 
eq.) were added to a 5 mL pearl shaped flask, degassed by bubbling nitrogen through the 
solution for 20 minutes, and transferred to the schlenk line flask.  The solution was then 
allowed to stir at room temperature for 20 minutes before a sample was taken for NMR 
analysis.  The schlenk line flask was then added to an oil bath preheated to 90
o
C.  The 
polymerization was monitored by proton NMR and the reaction was stopped at the 
desired monomer conversion by cooling in an ice bath and then diluting the solution with 
THF.  The solution was then precipitated into methanol twice.  The solid white product 
was collected by filtration and vacuum dried.
   1
H NMR (CD2Cl2), δ (TMS, ppm): 6.35-
7.33 (br, ArH), 6.30 (s, 2H, CH=CH), 3.59 (t, 2H, NCH2CH2), 3.33 (s, 2H, CHC(O)N), 
2.69 (s, 2H, CH2CH), 1.0-2.4 (br, -CH2CH-).  FTIR (cm
-1
): 3090, 3050, 3020, 2960, 
2840, 1700, 1590, 1490, 1460. 
Azide-terminated NP-polystyrene (NP-PS-N3, 4).  The terminal bromine groups 





H NMR (CD2Cl2), δ (TMS, ppm): 6.35-7.33 (br, ArH), 6.30 (s, 2H, 
CH=CH), 3.59 (t, 2H, NCH2CH2), 3.33 (s, 2H, CHC(O)N), 2.69 (s, 2H, CH2CH), 1.0-2.4 
(br, -CH2CH-).  FTIR (cm
-1
):  3090, 3050, 3020, 2960, 2840, 2100, 1700, 1590, 1490, 
1460. 
Alkyne-terminated poly(ethylene oxide) (PEO-alkyne, 5).  Polyethylene glycol 
monomethyl ether (1 equiv.) was dissolved in 30 mL dry THF and the flask was purged 




A solution of 5-hexynoic acid chloride (1.5 equiv.) in 10 mL dry THF was added over 30 
minutes.  After stirring at room temperature overnight, the reaction mixture was filtered 
and concentrated to dryness.  The solids were dissolved in dichloromethane and extracted 
with water twice.  The aqueous layers were combined and extracted with 
dichloromethane three times.  The organic layers were combined and stirred over 
anhydrous sodium sulfate.  The solution was filtered, concentrated, and precipitated into 
diethyl ether three times.  The product was collected by centrifuge and vacuum dried.  
1
H 
NMR (CD2Cl2), δ (TMS, ppm): 4.22 (t, 2H, CH2CH2COC(O)), 3.4-3.8 (m, -OCH2CH2-), 
3.35 (s, 3H, -OCH3), 2.48 (t, 2H, C(O)CH2CH2), 2.25 (td, 2H, CH2CH2CΞCH), 2.02 (t, 
1H, CΞCH), 1.84 (quin, 2H, CH2CH2CH2).  FTIR (cm
-1
): 3290, 3070, 2880, 1710, 1450, 
1290. 
Norbornene-terminated diblock copolymer PS-b-PEO (NP-g-(PS-b-PEO), 6).  
Cu(I)Br (0.1 equiv.) was charged into a round bottom flask and purged with nitrogen.  
PEO-alkyne (5, 2 equiv.), NP-PS-N3 (4, 1 equiv.), and PMDETA (0.15 equiv.) were 
added to a pear shaped flask, dissolved in THF, and bubbled with nitrogen for 30 
minutes.  The mixture in the pear shaped flask was transferred to the round bottom flask 
and stirred at 40 
o
C overnight.  The reaction mixture was then concentrated to dryness, 
dissolved in dichloromethane, and extracted with water three times.  The organic layer 
was dried over anhydrous sodium sulfate, filtered, and concentrated.  The solution was 
then precipitated into methanol two times.  The product was collected by centrifuge and 
vacuum dried overnight.  
1
H NMR (CD2Cl2), δ (TMS, ppm): 6.35-7.33 (br, ArH), 6.30 (s, 
2H, CH=CH), 4.22 (t, 2H, CH2CH2COC(O)), 3.4-3.8 (m, -OCH2CH2-), 3.35 (s, 3H, -
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OCH3),  2.69 (s, 2H, CH2CH), 2.48 (t, 2H, C(O)CH2CH2), 1.0-2.4 (br, -CH2CH-).  FTIR 
(cm
-1
): 3090, 3050, 3020, 2960, 2840, 1700, 1590, 1490, 1460. 
Grafted block copolymer poly(norbornene-graft-(PS-b-PEO)) (PNP-g-(PS-b-
PEO), 7).  Grubbs 3
rd
 generation catalyst (1 equiv.) and anhydrous DMF (1 mL) were 
added to a schlenk line flask and bubbled with nitrogen for 10 minutes.  NP-g-(PS-b-
PEO) (6, p equiv.) was added to a pear shaped flask, dissolved in DMF (4 mL), and 
bubbled with nitrogen for 10 minutes.  The mixture in the pear shaped flask was 
transferred to the schlenk line flask and stirred at 600 
o
C.  The polymerization was 
monitored by GPC and terminated by addition of ethyl vinyl ether (5 equiv.) when all 
macromonomer 6 was consumed.  The reaction mixture was precipitated into diethyl 
ether two times.  The solid product was collected by centrifuge and vacuum dried 
overnight.  
1
H NMR (CD2Cl2), δ (TMS, ppm): 6.35-7.33 (br, ArH), 5.42 and 5.60 (br, 
CH=CH), 4.22 (br, CH2CH2COC(O)), 3.4-3.8 (m, -OCH2CH2-), 3.35 (br, -OCH3),  2.69 
(br, CH2CH), 2.48 (br, C(O)CH2CH2), 1.0-2.4 (br, -CH2CH-). 
Preparation of Thin Films.  The NP-g-(PEO-b-PS) (6) linear diblock 
copolymers and PNP-g-(PEO-b-PS) (7) grafted block copolymers were spin-coated (3000 
RPM, 60 s) from toluene solutions (1.5 wt%) onto silicon substrates that were coated 
with a 100 nm thick SiO2 layer.  The thin films were then annealed overnight under a 
saturated toluene atmosphere before being exposed to a high relative humidity (>85%) 
atmosphere for 15 minutes. 
8.4 RESULTS AND DISCUSSION 
 Polystrene-block-poly(ethylene oxide) PS-b-PEO diblock copolymers were 
grafted from a norbornene backbone through a combination of ATRP, “click” chemistry, 
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and ROMP.  The synthetic route is shown in Scheme 8.1 and begins by first synthesizing 
compound 2, which has a norbornene unit that can be polymerized by ROMP, as well as 
tertiary alkyl halide, which can serve as an ATRP initiating site.  This was carried out by 
reacting the terminal primary alcohol of compound 1 with 2-bromoisobutyryl bromide in 
the presence of triethyl amine.  The product was confirmed by NMR and FT-IR.  The 
chemical shift of the methylene protons adjacent to the alcohol in compound 1 clearly 
shifted downfield from 3.53 ppm to 4.15 ppm as the ester formed for compound 2 (Figure 
8.1A).  Additionally, a singlet appeared at 1.90 ppm, which corresponds to the methyl 
groups of the tertiary alkyl halide.  The large, broad peak corresponding to the hydroxy 
functional group (3200-3700 cm
-1
) in FTIR was not present for compound 2, and a new 
peak at 1690 cm
-1
 appeared, typical for an ester, confirming the transformation of the 
alcohol to an ester. 
 
Scheme 8.1.  Synthesis of grafted block copolymer PNB-g-(PS-b-PEO) (7). 
 
 NP-Br (2) was then used to initiate the polymerization of styrene using Cu(I)Br 
and PMDETA at 90 
o
C.  The polymerizations were monitored by 
1
H NMR, as monomer 
conversion was calculated by comparing the ratio of decrease of the vinyl peaks at 5.74 
and 5.22 ppm to the aromatic peaks between 6.00 and 7.40 ppm.  The chain extensions 
were stopped at the desired percent monomer conversion.  The molecular weight and 
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polydispersities of the polymers were determined by GPC, as the system was calibrated 
using PS standards (Table 8.1).  NP-PS-N3 (4) was obtained after reacting the terminal 
bromine group of NP-PS-Br (3) with sodium azide in DMF.  Extractions against water 
and precipitations into diethyl ether removed residual sodium azide.  The azide on the 
end of the polymer chain was confirmed by FTIR, as a sharp band appeared at 2100 cm
-1
, 
which is common for an azide stretch (Figure 8.3C). 
 Commercially available monohydroxy-terminated poly(ethylene oxide) was 
reacted with 5-hexynoic acid in the presence of triethyl amine to prepare PEO-alkyne (5).  
1
H NMR clearly shows the appearance of the presence of the methylene and alkyne 
protons between 1.78 and 2.85 ppm (Figure 8.2).  PEO-alkyne (5) was then reacted with 
NP-PS-N3 (4) in a copper catalyzed alkyne-azide cycloaddition using a 
Cu(I)Br/PMDETA catalyst system.  The reaction was monitored by GPC, and was 
stopped once all NP-PS-N3 (4) was consumed.  Two precipitations into methanol 
removed all residual PEO-alkyne, as confirmed by GPC (Figure 8.4).  Clean shifts to 
higher molecular weight from homopolymer 4 to end-functionalized diblock polymer 6 
was observed in GPC (Figures 8.4 and 8.5).  Additionally, 
1
H NMR revealed shifts 
characteristic for both PS (6.35-7.33, 1.0-2.4 ppm) and well as PEO (3.4-3.8 ppm), while 
also having the norbornene end-group and methylene mid-group peaks (6.30, 2.69, and 
2.48 ppm), as seen in Figure 8.1C.  FTIR revealed the disappearance of the azide and 
alkyne stretches.  Typically, a triazole stretching vibration is seen at 1500 cm
-1
.  
However, this stretching was not noticed, likely due to the large steric bulk of the 
polymer chains on either side of the triazole unit (Figure 8.3D). 
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Figure 8.1.  
1
H NMR spectra for compound 2 and polymers 3a, 6a, and 7a. 
 






















Figure 8.2.  
1








 generation catalyst was used to polymerize norbornene-functionalized 
diblock copolymer 6 in DMF at 60 
o
C.  The polymerization was monitored by GPC, and 
was quenched with ethyl vinyl ether once all macromonomer was consumed.  The 
polymer was then precipitated into diethyl ether twice before being characterized.  
1
H 
NMR revealed the disappearance of the monomer alkene at 6.30 ppm and the appearance 
of two peaks at 5.42 and 5.60 ppm, which correspond to the polymer alkenes.  As seen in 
Figures 8.4 and 8.5, the GPC traces of grafted block copolymer 7 cleanly shifted to a 
higher molecular weight with no residual macromonomer.  Furthermore, the 
polydispersity of the grafted block copolymer remained below 1.3, demonstrating that a 
combination of ATRP, click chemistry, and ROMP resulted in well-defined polymers.  
The polymer compositions are given in Table 8.1. 
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Figure 8.4.  GPC traces for polymers 4a-7a20. 
 



























Figure 8.5.  GPC traces for polymers 5b-7b20. 
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 1.15 -- -- -- -- 
3b 2400
a
 1.11 -- -- -- -- 
5a 2000
b
 1.05 -- -- -- -- 
5b 750
b
 1.08 -- -- -- -- 
6a 8690 1.13 -- 23.02 73.65 3.34 
6b 3440 1.13 -- 21.80 69.77 8.43 
7a5 43500
c
 1.26 5 23.02 73.65 3.34 
7a20 173800
c
 1.30 20 23.02 73.65 3.34 
7b5 17300
c
 1.17 5 21.80 69.77 8.43 
7b20 68900
c
 1.17 20 21.80 69.77 8.43 
a
Determined from GPC calibrated by PS standards.  
b





 1.5 wt % solutions of block copolymers 6 and 7 in toluene were spin-coated onto 
silicon substrates.  The thin films were then annealed in a saturated toluene atmosphere 
overnight before being exposed to a high humidity (>85% RH) atmosphere for 15 
minutes.  Complete film dewetting occurred for linear diblock copolymers 6a and 6b, as 
the molecular weights were too low to allow for enough intermolecular chain 
entanglement necessary to retain films (Figure 8.6A).  Similar to the previous chapter, 
linear diblock copolymers 6a and 6b were complexed with LiCl.  The resulting film for 
polymer 6a after solvent annealing was partially dewet, as seen in Figure 8.6B.  When the 
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ether linkages in PEO bind with Li
+
, the  between the PEO/Li and PS blocks is 
increased due to the ionic nature of the PEO/Li block.  Furthermore, the lithium atoms 
can loosely coordinate between multiple PEO chains.
1, 28
  This, to an extent, allows for 
enhanced inter-chain entanglement, as the lithium atom serves as a type of binding agent 
between polymer chains.  However, the films for polymer 6b after annealing fully dewet, 
revealing that the cation-ether interactions are limited in increasing inter-chain 
entanglement.  Grafted block copolymers 7a5 and 7a20 retained high quality films after 
solvent annealing, as seen in Figure 8.6C. 
 
Figure 8.6.  Optical microscopy images of low weight linear block copolymer 6b without 
(A) and with (B) complexation with LiCl.  (C) Optical image of grafted block copolymer 
7a20. 
 
The diameter and center-to-center distance of the cylinders from 6a complexed 
with lithium, 7a5 and 7a20 were 10 and 20 nm, respectively (Figure 8.7).  Remarkably, the 
feature sizes of the hexagonally-packed arrays of cylinders for linear block copolymer 6a 
complexed with lithium were the same as what was observed for grafted block copolymer 
7a5 and 7a20.  This demonstrates that when the backbone length is equal to or less than 20 
repeat units, the feature sizes of the microphase separated nanostructures are due to the 




Figure 8.7.  (A,B) AFM phase images of polymer 7a20. 
 
 PEO with molecular weight of 750 g∙mol
-1
 was utilized to prepare grafted block 
copolymers 7b5 and 7b20.  The polymer compositions are shown in Table 8.1 and GPC 
traces in Figure 8.5.  Complete film dewetting occurred for linear diblock copolymer 6b 
after solvent annealing, as seen in Figure 8.7A.  Even after complexing with LiCl in high 
ratios, no noticeable film was obtained after solvent annealing.  Grafted block 
copolymers 7b5 and 7b20 retained high quality films after solvent annealing.  However, 
microphase separation was limited without any long-range order, as seen in Figure 8.8.  
This is likely due to the extremely low molecular weight of the side-chain copolymers, 
which causes the ODT to occur.  Also, the end-group may interfere with microphase 
separation, as the norbornene-initiator constitutes 8.43 wt% of grafted block copolymers 
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7b5 and 7b20 (Table 8.1).  This may be enough to hinder ordering during the microphase 
separation process.  Current studies are focused on utilizing low molecular weight PS-b-
PEO diblock copolymers (3,150 < x < 8,400 g∙mol
-1
) on the side chain of a grafted block 
copolymer to determine what is the lowest possible molecular weight that leads to well-
defined microphase separated structures.  Furthermore, the backbone length for the 
grafted block copolymer systems are also being studied to find the upper and lower 





Figure 8.8.  AFM phase image of polymer 7b20 after solvent annealing. 
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8.5 CONCLUSIONS 
In conclusion, we prepared grafted block copolymers using a polynorbornene-
based backbone with PS-b-PEO diblock copolymers as the side-chains.  By keeping the 
DP of the polymer backbone low, the polymer chains were able to rearrange and form 
highly ordered hexagonally-packed cylinders of PEO within a matrix of PS upon solvent 
annealing.  The grafted copolymer system produced low feature sizes, while retaining 
high film quality after annealing. 
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9.1 DISSERTATION SUMMARY 
Incorporating desired functional groups into the side-chain, end-chain, and/or 
linker between polymer chains allows for spatial confinement of the functional group 
either within a specific domain or at the border between domains within a microphase 
separated block copolymer system.  The first part of this dissertation focused on 
incorporating ferrocene units into the side-chain of homopolymers and block copolymers.  
Chapter 2 offered a review into metallocene-containing polymers that had been prepared 
by various living and controlled polymerization techniques.  Chapter 3 detailed the 
preparation of several ferrocene-containing (meth)acrylate monomers and their 
polymerization by atom transfer radical polymerization.  The thermal and electronic 
properties of the ferrocene-containing monomers and polymers were characterized.  In 
Chapter 4, triblock copolymers were prepared which incorporated ferrocene into the side-
chain of one domain.  Upon self-assembly, highly ordered hexagonal arrays of ferrocene-
containing cylinders were formed.  After removing all organic material by pyrolysis or 
uv/ozonolysis, highly ordered arrays of iron oxide nanoparticles were obtained and 
characterized. 
The second part of this dissertation dealt with preparing oligoaniline-
functionalized block copolymers for use as all-organic nanodielectric materials.  Chapter 
5 summarized incorporating oligoaniline moieties into the side-chain of a diblock 
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copolymer.  Upon self-assembly, the oligoaniline formed conductive domains within an 
insulating matrix which led to enhanced dielectric properties.  In Chapter 6, oligoaniline 
units were added to the chain ends of polystyrene.  For low molecular weight systems, 
microphase separation led to small domains of conductive oligoaniline.  This system led 
to enhanced dielectric permittivity while retaining a low dielectric loss. 
The third part of this dissertation involved preparing highly dense, ordered arrays 
of nanopores for use as templates in lithography.  In Chapter 7, diblock copolymer PEO-
b-PS with a photocleavable ortho-nitrobenzyl unit between the two blocks was prepared.  
Upon self-assembly, photoexposure, and PEO removal, highly ordered nanopores were 
formed.  It was found that films could not be retained for low molecular weight systems, 
as limited inter-chain entanglement led to dewet films after annealing.  In the pursuit of 
further decreasing the feature sizes while retaining film stability, grafted block 
copolymers in which PEO-b-PS diblock copolymers were grafted from a common 
backbone were prepared.  By limiting the backbone length, enhanced inter-chain 
entanglement led to high quality films after annealing.  For such systems, the domain 
sizes were dictated by the molecular weight of the block copolymers on the side-chain. 
9.2 FUTURE WORK 
The first part of this dissertation focused on incorporating ferrocene into the side-
chain of block copolymers.  Other than ferrocene, we have also incorporated 
cobaltocenium into block copolymer systems.
1-9
  Cobaltocenium is cationic, and 
therefore, requires a counterion to be stable.  We have found that by changing the 
counterion, the solubility, physical, and thermal properties can be systematically varied.  
Recently, new applications of cobaltocenium-containing polymers have been realized in 
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the medicinal field, as cobaltocenium-containing polymers utilizing halides as 
counterions show excellent anti-cancer and anti-microbial characteristics.  More classes 
of counterion should be incorporated into cobaltocenium-containing polymers, including 
counterions that have multiple ionic sites, which could lead to cross-linked hydrogels.  
Additionally, other than ferrocene and cobaltocenium, there has been minimal work in 
preparing other metallocene-containing polymers.  Incorporating ruthenocene, rhodocene, 
chromocene, titanocene, and zirconocene, amongst others, could lead to materials with 
unanticipated magnetic, catalytic, and electronic properties. 
The second part of this thesis focused on preparing all-organic nanodielectric 
materials from block copolymers functionalized with oligoaniline.  While dielectric 
permittivity was increased, there was also increases in dielectric loss.  This likely results 
from the counterion present upon doping the oligoaniline structure to form a conductive 
state.  We have recently started exploring other conductive polymers that do not need to 
be doped to an ionic state.  Oligothiophene has shown great promise, as dielectric 
permittivity is increased while retaining low dielectric loss.
10
  There is a lot of potential in 
incorporating other conjugated structures into one domain of a block copolymer, 
including polyacetylene, polyphenylene vinylene, and polyphenylene sulfide.  Further 
functionalization of the conjugated repeat unit with alkyl chains or fluorinated chains 
may lead to enhanced dielectric properties. 
The third part of this dissertation summarized recent work in utilizing block 
copolymer systems to prepare highly ordered templates for nanolithography.  We found 
the lowest molecular weight of diblock copolymer PEO-b-PS in which films can be 
retained after annealing.  We attribute the macroscopic dewetting of low molecular 
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weight films to the limited inter-chain polymer entanglement.  To address this issue, we 
prepared grafted block copolymer systems in which the side-chains are block 
copolymers.  Such systems retain high quality films after annealing due to increased 
inter-chain polymer entanglement.  To expand this research thrust, star block copolymers, 
miktoarm star copolymers, brush copolymers, and multi-segmented block copolymers 
can be prepared (Figure 9.1).  All of these systems utilize a central core or polymer 
backbone to link low molecular weight linear block copolymers.  Much attention should 
be paid to the linking structure, as it was observed in Chapter 8 that the polymer end-
group was having an impact on the microphase separation.  Large end-groups have an 
increased volume fraction in low molecular weight block copolymers, which may 
interfere with polymer chain packing.  A simple star block copolymer in which a small 
molecule with multiple branching sites may prove an ideal structure, as the star core will 
make a minimal impact on the overall volume fraction. 
 
Figure 9.1. Various block copolymer systems.  
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Figure A.1.  Copyright release for Chapter 2. 
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Figure A.5.  Copyright release for Chapter 6. 
